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ABSTRACT 

Low Temperature Laaer-Induced Selective Area 
Growth of Compound Semiconductor 

Sudarsan Uppili, Ph.D. 
Oregon Graduate In~titute of Science and Technology, 1990 

Supervising Professors: Raj Solanki and William E. Wood 

Laser-induced epitaxial growth of gallium phosphide has been investigated 

as a low temperature, spatially selective process using both pyrolytic and photo- 

lytic reaction. A focussed beam from an argon ion laser operating at  514.5 nm 

was used to 'direct-write' epitaxial microstructures of homoepitaxial Gap using a 

pyrolytic process. The precursors were trimethylgallium (TMG) and tertiarybu- 

tylphosphine (TBP), a new phosphorous donor. Dependence of the epitaxial 

growth on several deposition parameters was examined. 

An ArF excimer laser has also been used to achieve homoepitaxy and 

heteroepitaxy of gallium phosphide on gallium arsenide at  500°C using TMG and 

TBP as the precursor gases. Dependence of homoepitaxial growth of Gap on 

several parameters is examined. The crystalline properties of the film were deter- 

mined using transmission electron microscopy (TEM). It was found that a t  

500°C, in the presence of laser radiation, higher growth rate and superior crystal- 

line properties were achieved compared to purely thermal metalorganic chemical 

vapor deposition under the same conditions. Electrical properties of p-n diodes 

fabricated via Zn doping have also been examined. 

Defect structures in excimer laser-assisted epitaxial Gap on (100) Gap and 

xii 



(100) GaAs have been examined using TEM. It was found that that the dom- 

inant defect structures in homoepitaxy were dislocations and stacking faults 

whereas the major defects in heteroepitaxy were twins. Differential plastic 

deformation-induced stresses are believed to be responsible for the high density of 

twins in heteroepitaxy. 

Periodic structures were obtained using nominally unpolarized excimer laser 

radiation, during heteroepitaxial growth of Gap on GaAs. Both crystalline pro- 

perties and chemical composition of these structures have been examined. The 

strong periodic structure observed on Gap grown on GaAs was attributed to the 

initial melting of the substrate during film growth. Microanalysis showed modula- 

tion in composition in the ripple structure resulting from the thermal variation 

caused by the optical interference during growth. 

Electrical conductivity measurements of Gap during pulsed laser irradiation 

indicated that in the absence of gases, there was appreciable heating of the sem- 

iconductor. However, a very small quantity of hydrogen or helium cooled the 

substrate appreciably. This suggested that the average temperature rise of the 

substrate was not an important factor in the temperature calculations used in the 

present investigation. 
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1. INTRODUCTION 

Thin film compound semiconductor structures are used extensively in many 

modern electronic, magnetic, optical and energy-related devices. In these appli- 

cations a detailed understanding of thin-film properties and their dependence on 

structure composition, and patterning is indispensable. Full control of film 

preparation, combined with modern physical analyses, is essential in advancing 

our knowledge about submicron structures in VLSI electronics and about near- 

surface phenomena and interfa,cial properties. 

Interest in 111-V compolllrfl semiconductors stems largely from the ability to 

separately manipulate energ! !):I nd gap and lattice spacing by composition con- 

trol. This has allowed fabrical ion of devices utilizing heterojunctions for the con- 

trol of electron transport, r .g . ,  the double-heterojunction (DH) lasers, high- 

efficiency solar cells, GaAs i j l a r  transistors, superlattices, and modulation- 

doped GaAs MESFETS. 

Heteroepitaxial growth of compound semiconductors with spatial selectivity 

offers attractive possibilities of itltegrating optical devices with electronic cirrnitq 

on a single wafer. An example of one such structure is shown in Fig.1, where an 

optical emitter or detector made of GaAs is integrated with a Si logic device on a 

silicon substrate. Of the conventional film growth techniques, neither Molecular 

Beam Epitaxy (MBE) nor Metallorganic Vapor Phase Epitaxy (MOVPE) offer 

any kind of growth selectivity unless the substrate is physically patterned before 
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growth. This means additional processing steps before and after the growth pro- 

cess, leading to the introduction of undesirable defects on the substrate. Laser- 

stimulated microfabrication process has emerged aa a unique technology that 

offers selective area growth of semiconductors without any extra processing steps. 

At present, discrete solid-state lasers comprised of double heterostructures or 

quantum wells are encapsulated in optoelctronic devices. These structures will 

require selective area etching and deposition, which could be realized with a laser 

based technology with either writing or projection imaging. 

MOVPE of 111-V compor~trds normally requires temperatures that are consid- 

erably above pyrolysis thresholds in order to allow sufficient surface mobility for 

single crystal epitaxial gro~rlh rather than polycrystalline growth. In the 

M O W E  heteroepitaxial gron.t.h of 111-V on Si, there exists a lattice mismatch 

and a stress in the epitaxial li llrl after the substrate is cooled to room tempera- 

ture because of the thermal (*q,nnsion mismatch between the film and the sub- 

strate. This stress also leads t.o prvere cracking problems in the film and one way 

of reducing the severity of t h ~  problem is to allow epitaxial growth at  low tem- 

peratures. 

In the past few years, [Ire photo-excited technique has been receiving 

increasing attention for l r v t ~  I.emperature processing. In this process, fewer 

defects are generated due lack of excess energies, unlike plasma excitation. 

Chemical pathways are well defined and hence a specific radical or ion can be 

selectively formed by choosing the proper photon energy. Photo-excited processes 

can be carried out at low temperatures a,nd are expected to be easily monitored 

and controlled. From an applications point of view, selective and (in many cases) 

non-thermal chemistry, accompanied by micrometer spatial resolution can be 



applied in fabrication of microelectronic devices. 

Lasers serve as the most versatile sources of monochromatic beams for ini- 

tiating photochemical processes. A laser is used either as a focused beam to 

deliver photon energy onto a small area or as broad beam for large area process- 

ing. Unlike other beam technologies, e.g., ion and electron beams, lasers are not 

required to operate in a vacuum, thus providing greater flexibility in beam 

delivery to the reaction site. In-situ process monitoring, diagnostics, and control- 

ling are additional capabilities in laser processing since the fluorescence due to 

laser-chemical interactions gives details about the reaction pathways. 

In this work laser-assisted selective area growth of gallium phosphide at  low 

temperatures was investigated. Two different techniques were studied by choosing 

lasers with different output (*l~aracteristics. In the first part of the investigation 

an argon ion laser was used for direct deposition of the semiconductor, by scan- 

ning the beam on a substraf 0. 1 )eposition was achieved through mostly localized 

pyrolysis of the precursor g n w .  Effect of various operating parameters on the 

selective area growth was invcl~t~iaated. The second part of the study involved the 

use of an excimer laser to :~f.Jlieve low temperature selective epitaxy. Suitable 

masking of the excimer laset iv(.:\rn can lead to selective epitaxy under optimized 

operating conditions. The I !):lnrn output from the excimer laser is strongly 

absorbed by the metallorgat~ir precursors resulting in their photo-dissociation. 

Also, there is transient heating during the pulsed laser irradiation of the sub- 

strate. Thus, the process is both photolytic and photothermal in nature. The 

effect of various operating parameters on the crystalline quality of the deposits 

was investigated using a scanning transmission electron microscope. P-N junc- 

tions were fabricated by doping Gap with zinc during growth. Junction 



characteristics were analyzed using C-V and I-V plots. The electrical conduc- 

tivity of Gap varies strongly with temperature because of its large band gap 

(2.27 eV). Hence, in order to investigate the average temperature rise of the sub- 

strate during excimer laser irradiation, the electrical conductivity of the semicon- 

ductor was also investigated. 



2. BACKGROUND 

2.11 EPITAXIAL GROWTH OF COMPOUND SEMICONDUCTORS 

Multilayer epitaxial structures can be grown by liquid-phase epitaxy (LPE), 

molecular beam epitaxy (MBE), or metalorganic vapor phase epitaxy (MOVPE). 

MBE has become a useful exp~rimental tool for deposition of very high-quality 

films and supperlattices with LOA period. The MBE technique of single crystal 

film growth employs beams of atoms and molecules impinging in vacuum on a 

heated substrate. Single cryst:\ l st t bstrate heating is generally required to produce 

enough surface mobility of illr atoms to grow single crystal films in epitaxial 

register with the substrate. Sl~~~f. ters  in front of the sources interrupt growth to 

allow layered structures to be formed. Electron diffraction may simultaneously be 

observed on the screen to motlit,or the epitaxial growth. 

The other important and rlrore widely used film growth technique for com- 

pound semiconductors is mo(:rlf)rganic vapor phase epitaxy (MOVPE). The con- 

trol over A+,-,)GaxAs device st r-crctures afforded by a vapor deposition technique 

was the original driving forw bt4ind the development. of M O W E .  The need f f ) ~  

complex heterojunction devices co~ilinues to motivate the current research. 

In the MOVPE process, room temperature vapors of organometallic com- 

pounds are used to transport art least one of the primary film constituents. The 

reactant gases decompose ovex a heated substrate and thus thin film growth 



occur. The exact chemical decomposition pathways in MOVPE are not yet 

clearly understood. The nature of the reactions are in part determined by the 

dynamics of the gases, that is, the velocity and temperature profiles in the vicin- 

ity of the susceptor and the subsequent concentration and thermal gradients that 

are established. The reaction pathways, of course, are also strongly influenced by 

the choice of precursor chemicals. Alkyls of the group 111 metals, and hydrides of 

the group V elements usually are used as the precursor species in MOVPE. Dilute 

vapors of these chemicals are transported at  or near room temperature to a hot 

zone where a pyrolysk reaction occurs. For example, the formation of Gallium 

Phosphide is described by 

The extension of MOVF'Ii: to other alloy systems can be viewed as the gen- 

eralization of the above reac!.io~l and even larger variations of the technique are 

possible when alternative prc8rut-sors and compounds are considered as well. In 

some cases group V alkyls a.t.cb qubstituted for hydrides. The group TV and VI 

hydrides often serve as n - t y p  (lfq~ant sources, though the alkyl counterparts are 

also effective. Group 11 alkyls fS:m be used as p-dopants. Photoepitaxy of 111-V 

semiconductors is mainly as  n rliodification to MOVPE in order to achieve either 

lower growth temperatures (twc.rnal pyrolytic range 600-900°C) or selective area 

epitaxy. 

2.2: COHERENT SOURCES FOR LASER-ASSISTED DEPOSITION 

A laser generally consists of two components: an active medium that pro- 

duces optical gain under proper pumping conditions and an optical resonator 



that consists of a pair of mirrors with specific radii of curvature and reflectivities 

to provide optical feedback and output coupling (1-3). The laser medium can be 

pumped by several excitation mechanisms such as gas discharge, optical pump- 

ing, or electrical current to induce population inversion. The parameters that 

characterize a laser source are its emission wavelength, spectral bandwidth, 

power, beam size, and beam divergence. For pulsed laser, pulse energy and pulse 

width are also important parameters. In the present study, two types of lasers 

were employed and their chracteristics are discussed below 

2.2.1: ION LASERS 

The high-power cohere111 radiation in the visible and W range from ion 

lasers make them the most at.( I uf-tive photon sources for direct-write applications. 

The common ion lasers are Argon&), Krypton (Kr), and Xenon (Xe) with 

power levels varying from nlilli watts to several watts. Ion lasers, as the name 

implies, use an ionized gas a. the lasant maintained with an electrical discharge 

in a plasma. Basically they at.(. four-level systems, where the excited states of the 

ions are involved in the lasi t~r:  process. Excitation is a two-collision process: the 

first collision ionizes the ator 1 1  and the second provides the necessary excitation. 

A visible argon laser can b~ fr.cquency doubled to generate cw W output a t  

257nm using the nonlinear opt.ical crystals like ADP and KDP. However, the 

conversion efficiency of such a process is very- low and the ou tpu t  is us~;~IIy aljf)ld 

10mW. Recently, a lOOmW LV frequency-doubled argon laser at  257nm has 

become commercially available from Spectra Physics Inc. 



3.2.2: EXCIMER LASERS 

Excimer lasers are both powerful and efficient optical sources utilizing elec- 

tronic transistions in rare gas halide (RGH) molecules to produce intense pulses 

of ultraviolet light. Formed by gas phase chemical reactions in a chemical 

discharge, these diatomic RGH apecies are bound in the electronically excited 

upper laser level, but dissociate upon reaching the ground state, the lower laser 

level. This leads to nearly complete regeneration of the original g&es in the laser 

after each discharge, allowing many output pulses to be produced from a single 

fill of the laser's reservoir. 

The term, excited dirnotc, refers to a molecule that is bound only in an 

excited electronic state, but 11rll)ound in the ground state. As a result, emission 

from an excimer laser has a ~.~lntiveIy broad emission bandwidth. This reduces 

the temporal coherence of radint,ion from an excimer laser. In addition, the pres- 

ence of a large number of tr:\lisverse modes in an excimer laser cavity scrambles 

the speckle noise that frequent.ly is observed in images from coherent radiation. 

Commercial excimer lascl-q provide photon energies in the W range from 

6.4 eV (ArF) to 3.5 (XeF), w.il.1) {.!pica1 pulsewidths from 10 to 25 nsec. They are 

pumped by electrical discharp. 01- by e-beams (4) and high output is desired. W 

or x-ray are the preionizatiot~ ~chemes are used in excimer lasers. The pulse-to- 

pulse amplitude stability is t,ypically between 3% to 596, and pulse-to-pulse tem- 

poral jitter from a reference signal is about 21lsec. 

The spectral bandwidth is an important parameter for high resolution 

lithography because of chromatic aberration. The spectral linewidths of free- 

running excimer lasers are typically several tens of nanometers. Typical fluores- 

cence and stimulated emission spectra from free-running Ad?, KrF, XeC1, and 



XeF lasers are shown in Fig.2. The spectral linewidths can be narrowed using a 

variety of methods including intra cavity etalons, prisms, gratings, and apertures. 

An excimer laser is typically operated at a high Fresnel number (more than 

several thousands); a stable resonator would therefore produce a multimode beam 

with a large beam divergence. To obtain a high output energy and a low diver- 

gence, unstable resonator configurations are commonly used in excimer lasers. 

2.8: APPROACHES TO LASER-ASSISTED DEPOSITION 

The two techniques for laser deposition, which use gas-phase reactants are 

tbermochemical (pyrolyt ic d(.l~osition) and photochemical (photolytic deposition). 

In the former (Fig.3a) the subshate is heated to decompose gases above it. In the 

latter (Fig.3b) the precursor ~~l~)lecules either in gas phase or adsorbed on the 

substrate surface are dissocial (d. 

The very different laser f.llfstt~ical interactions in these two approaches result 

in different advantages and fl;s:~dvantages in the pattern transfer process. For 

example, pyrolytic depositiur~ (*:in not be used when the substrate melting tem- 

perature is much lower than temperatlure necessary for significant gas decom- 

position. However, photolytic (lr.position usually requires a deep W laser source 

because most useful parent. precursor molecules require absorption of photons 

with wavelengths in the 200 - 300nrn range to init iat~ the dissociative process. 

This is further discussed belon.. 

In direct writing of micrort~r.ictures using pyrolytic process, a laser beam is 

focused through a sample cel! window onto an absorbing surface. The laser 



wavelength is chosen so that the light is not absorbed by the gas, but instead is 

used to heat only the substrate. In practice, visible light is used usually from an 

argon ion laser. For visible laser wavelengths, the lack of gas-phase absorbtion 

means it is possible in principle, to vary the gas density without altering the heat 

input to the substrate. Deposition at the surface is governed by the surface heat- 

ing and the density of the reactant gases. 

Laser-induced pyrolytic deposition processes under consideration are based 

on thermal decomposition reac-l.ions of the form: 

1b1 Y,] ----> [M]+n[X] 

where MX, is the reactant gas rt~olecule (e.g., a metal alkyl), M is the metal atom 

being deposited, and X is a product gas of the reaction. The process can be 

thought of as involving 5 s t ep :  

1. Diffusion of reactants ill( the reaction zone 

2. Adsorption of reactants 

3. Pyro/photo activation ol' lnolecules near or at  the surface 

4. Surface diffusion for film EI owth 

5. Product gas formation atvi *Irsorption from the surface 

At low temperatures, tht. r:l(.e-limiting step of the process is usually step (3); 

at higher temperatures, n l l r * r ~  the decomposition becomes substantial, (1) 

becomes the rate-limiting ~r lBf, .  



Figure 2. Typical fluorescence and free-running laser emission spectra (a) KrF, 

(b) ArF, ( c )  XeF, and (d) XeCI. 
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Figure 3. Schematic showing deposition of material onto a solid interface by 

pyrolytic deposition (top) and photolytic deposition (bottom). 



2.3.2: PHOTOLYTIC PROCESS 

In a photochemical deposition, an ultra-violet photon initiates a chemical 

reaction that causes the deposition of material on a nearby solid surface. Typi- 

cally, the surfaces are chemically passive to the reactants, although in some cases 

chemisorption can be important. The photochemical reaction can be initiated in 

the gas or adsorbed phase, or in combination of both. The microstructure and 

spatial extent of the deposited material typically depend on the gas and surface 

kinetic processes and the nucleation phenomena on the solid surface. 

In the  photolytic process, chemical bond breaking is through dissociative 

electronic excitations, which :we located in the visible or W spectral range or 

selective multiphoton excitations by means of IR radiation. 

Single or multiphoton rlissociation is nonthermal in nature. Dissociative 

electronic excitations of rnol f~~.~~les  can be broadly classified into four cases based 

on single or multiphoton ~~~~~~~~es. Such processes are, in general, accompanied 

by simultaneous excitations of v i vational and rotational translations. 

Considering four charactrri.4 ic cases of single-photon excitations, the poten- 

tial energy curves for ground ntrcl excited state are shown in Fig.4. According to 

Frank-Condon principle (5), transistions always occur vertically between maxima 

in 1 1 and I J12 1 where I rbi 1 are the corresponding vibrational wave functions 

in the lower and upper electronic states. 

In a UV photon-precursor molecule interaction, supposing the excited level is 

unstable as shown in Fig.4a, the molecule dissociates within 10-l3 and lo-" sec 

typically. Clearly, relaxation and energy transfer between gas molecules is 

unlikely within the short time, taking into consideration their velocity and mean 6 



Figure 4.  Potential energy curves for the electronic ground state and exited states 

showing different cases of dissociation. Here, ED is the energy of dissociation and 

hv the photon energy. Vibrational and rotational energy levels are not included 

in the curves. 



free path. 

In Fig.4b an excited electronic state is stable and dissociation occurs only for hv 

> Ed. However, in many caaes dissociation is observed even for hv < Ed and this 

is called spontaneous prediss~ciat~ion. Dissociation occurs before the dissociation 

limit of the initially excited state by transitions to another unstable (c) or less 

stable (d) electronic state. Such transistions become possible if a mixing of states 

near crossings of potential curves occur. Predissociation is frequent in diatomic 

molecules in the time scale between and 10-l2 second. 

2.4: LASER CONFIGURATION 

Laser photon-gas-solid il~l~t.rsctions depend on the way the laser beam is 

configured with respect to tlv qrtbstrate. Essentially, two different experimental 

configurations are possible and (hey are chosen based on the process requirement. 

2.4.1: PARALLEL ILLUMIN A 'I'ION 

As the name implies, 1ast.1. heam is in a parallel configuration with respect to 

the substrate. This process gc~ornetry makes use of the photolytic decomposition 

of the precursor gases and dilTusion of gas species to the substrate for film 

growth. The film composition cl(.pends on sticking and sorption processes of the 

photo-products on the substrafe : ~ n d  growing film. T h i ~  process is maily used as :  :) 

low temperature growth technique for dielectric films over large areas and it. 

offers no spatial selectivity. 



2.4.2: PERPENDICULAR ILLUMINATION 

The laser beam is incident 011 the sample surface, usually in a perpendicular 

configuration. This process geometry favors both gas and surface decomposition 

of the reactant gases depending on the laser wavelength and power. Catalytic 

effects due to the laser beam have also been observed in addition to changes in 

nucleation kinetics and diffusion. Also the process offers a very high degree of 

selectivity. 

2.6: PHOTO-EPITAXY 

Photoepitaxy encompassc..: all photolytic and photo-thermal processes that 

can be used to modify the 7'1'E reactions, either by means of decomposition of 

the precursors or in interactir)ri with the surface to provide sufficient atom mobil- 

ity necessary for epitaxial etuwth. This, of course, covers a wide range of 

processes using photon sourcsf%s in the infrared, visible, or CV. These sources can 

be either lasers or incoherent lanrps. 

2.6.1 CLASSIFICATION FOR I'IIOTOEPITAXIAL GROWTH 

1. Photomodified epitaxy: ' l ' l ~ i s  includes laser-enhanced doping and laser- 

induced change in cotrll*rb~:it.ion. No change in growth rate of epitaxial 

material occurs in thc illuminated region but this can be used as way of 

achieving selective area (.ontrol for semiconductor device processing. 

2. Photoenhanced epitaxy: This process brings about an enhancement of the 

growth rate that is attributed to photolyt ic or photothermal processes. 

3. Photoinduced epitaxy: This can simply defined as epitaxial growth only in 



the illuminated region with no deposition outside this region. As with pho- 

toenhanced epitaxy, this can be a result of photolytic or photothermal reac- 

tions. 

A list of reported epitaxial growth is shown in Table I, indicating the sem- 

iconductor material, radiation used, and classification. A large number of the epi- 

taxial processes shown in Table I involve both photothermal and photoiytic 

processes. The relevence of various processes to epitaxy can be seen in the 

schematic representation of the epitaxial growth shown in Fig .5. Laser interac- 

tion can be used to modify any part of this chain of processes by either enhanc- 

ing the substrate or vapor temperature or by inducing photolytic reactions at  any 

one or more of these stages. Eunrr~ples of both processes are tabulated in Table I. 

In the laser-induced epi :rx i o 1 growth process, the enhanced deposition is 

usually confined to the area of ill~lmination and would therefore be suitable for 

patterning. To provide sufli(.ierlt energy for surface mobility and at  the same 

time avoiding thermal deco~rrposition and subsequent depositions in the unil- 

luminated areas, the growth 1.emperature is generally maintained a t  or below 

400°C for most of the metnllol~ganic precursor gases used in 111-V and 11-M epi- 

taxy. 

2.6.22 PULSED LASER EPITAXY 

2.6.2.1: EXCIMER LASER EPITAXY 

Excimer laser-induced epitaxy can be viewed as a two-stage process where 

the first pulse decomposes the prrcursors and the second pulse heats up the sub- 

strate and provides the energy for surface diffusion of the adatoms that  had 



TABLE I : Semiconductor Materials Grown By Photapitaxy 

Reference [#] 

Eden (6) 
Ishitani (7) 
Karam (8) 

Doi (10 (9! 
Kukimoto (11) 
Kisker ( I?) 
Donnelly ( 13) 
Irvine ( 1 4 )  
Morris (15) 
Bicknell ( 11- 
Roth ( l i i  

Semi- 
conductor Radiation 

Photo- 
modified 

Photo- 
enhanced 

X 

X 

Ge I k F  : 
X 

X 

X 

X 

Photo- 
induced 

Si 
Ga(As,P) 
GaAs 
GaAs 
GaAs 
CdTe 
GaAs, InP 
HgTe, CMT 
CMT 
CdTe 
GaAs 

.hF,  &F, Hg-Xe 
~ r +  
Lp Hg arc, ArF, KrF 
Ar+ 
ArF 
Lp Hg arc 
ArF 
Hg Hg arc 

3 
Nd-YAG 

X 

X 
X 

X 
X 
X 

Photo- 
thermal 

1 

Photo- 
lytic 

X 
X 

X 

X 

X 
X 

X 
X 
X 
X 
X 
X 
X 
X 



SCHEMATICS OF PROCESS STEPS FOR EPITAXIAL 
GROWTH FROM VAPOR PRECURSORS 

TRANSPORT 

PRECURSORS VAPOR DECOMPOSITION - 
(ALKYLS, HALIDES) I DIFFUSION 

(PRECURSORS, CONSTITUENTS) 

Figure 5. Schematics of the process steps for epitaxial growth from vapor 

precursors 



impinged on the substrate. Some of the relevent literature in the excimer lsaer 

epitaxial process is reviewed and discussed in this section. 

Excimer laser-assisted epitaxial growth of InP was reported by Donnelly et 

al. (13,18). An excimer laser (193nm), illuminating the substrate, decomposed 

the precursor molecules in the volume of the beam for the duration of the laser 

pulse. The substrate temperature was below the pyrolysis temperature of the pre- 

cursors and the film was grown in only the illuminated regions. The precursors 

used were the adducts (CH,),lnP(CH,), with additional P(CH,),, diluted with H2. 

A t  low laser fluences (<0.03~/crr \~)  the deposited layer was not epitaxial and the 

estimated substrate temperatlrrt. rise was below 300°C. Good-quality epitaxy was 

observed for fluences arountl 0 . 1 ~ / c m ~ ,  where the transient heating was calcu- 

lated to be around the mell i l l t :  point for InP of 1070°C. The high transient tem- 

perature reordered atoms or! the surface and overcame poor nucleation that 

would otherwise have risen f r o  tn vapor-nucleated InP. 

Laser-modified epitaxy 11 :I q been reported by Kukimoto et al. (1 1). Selective 

area controls of carrier concer~~r~ations in GaAs and alloy compositions in A l G a h  

have been studied by irradiat itll: a specific area of the substrate with an ArF 

excimer laser during MOVPE growth. At substrate temperatures ranging from 

600°C to 800°C, the growth r :rt.e was not influenced by the laser excitation, 

although surface morphology l y n s  remarkably improved a t  lower temperatures. 

An increase or decrease of carrier conce~  tra tion in t 5etp.t ix-~ly irradiate<! :I 1 : I  

of GaAs epitaxial layer was achieved. It was also demonstrated that the A1 con- 

tent of AlGaAs layers was higher in the irradiated area than in the unirradiated 

area. 



2.6.2.2: NdrYAG LASER EPITAXY 

In the absence of photochemical dissociation of the precursors, pulsed laser 

irradiation of the surface at  low temperatures will enhance both decomposition 

rate and surface mobilty. Roth et al. (17) used a Nd:YAG laser (530nm) to irra- 

diate the surface of GaAs for low temperature MOCVD using TMG and AsH3 

precursors. Laser light did not effect any photochemical dissociation in the gas 

pha,~e, since neither of the precursors absorb strongly at 530nm. The growth rate 

enhancement observed was ascribed to an increased pyrolysis of the precursors 

due to laser heating. ZIowever, the laser pulses were of sufficiently short duration 

that enough precursor molrr~tles did not arrive at  the substrate while it was 

illuminated to cause a signifif.:) I \  t enhancement of growth rate. The explanation 

given for the enhancement 1if.c in the adsorption of precursor molecules during 

the 'off"periods, which are the-11 pyrolized in the "onn periods. The implication 

of this argument is that the adt:ot.ption is much higher than would be expected 

for a physisorbed Langmuir f i l r r l  of' the precursors at these temperatures. 

2.6.8 CW LASER EPITAXY 

Instead of a pulsed lasi*~.. a cw argon ion laser could be used to locally heat 

the substrate to enhance plwt fdliermal growth. This was the technique adopted 

by Karam et a1.(8) to 'direct-write* epitaxial GaAs structures by scanning the 

laser beam on a substrate . Thick films were gron-n h!- m l ~ l t i ~ ~ l e  scanning or 

beam. The disadvantage of such a process was t'he large processing times and 

hence a poor throughput. 

Laser-enhanced MOVPE can be taken a step further to chop a laser beam so 

that a surface-adsorbed layer can be exposed to radiation resulting in 



decomposition. Doi et al. (10) used this modulation technique to induce atomic 

layer epitaxy (ALE) of GaAs. The concept of ALE is to grow alternate layers of 

Ga and As resulting in a very high quality crystal. In the laser-ALE technique 

the precursors of TMG and AH, were introduced alternatively into the growth 

chamber. Significant growth enhancement from 0.33pm to 1.07pm at  500°C 

when the laser was on during the TMG cycle while it was absent with the laser 

on during the AsH, cycle. Also, growth enhancement was greater when n-GaAs 

was used instead of p-GaAs or semi-insulating GaAs. The mechanism for 

enhancement was described as a photo-assisted catalytic effect, where TMG pyro- 

lysis was enhanced on an arsinc 3urface under 514-nm argon ion laser radiation. 

compositions in AlGaAs 

2.6 LASER-SOLID INTERAC'I'ION 

2.8.1 ELECTRONIC PHENOM RNA 

Absorption mechanisms: 

Five distinct mechanisnb~ r r r .  processes for the absorption of light by semicon- 

ductors can be identified (19): 

1. Photons with energy (hv)  I I I U C ~  less than the band-gap energy (Eg) can 

excite lattice vibrations di t.f-r.t,ly. 

2. Free or nearly-free carriers can be excited by aahq~rrt ion of light with h 1 .  

Eg; such carriers will always be present as a result of finite temperatures 

and/or doping. 

3. An induced metallic-like absorption due to  free carriers generated by the 

laser irradiation itself can occur. 



4. For photon energies > E absorption will take place by direct and/or 
g' 

indirect (phonon-sssisted) excitation of electron-hole pairs. 

5. Absorption induced by broken symmetry of the crystalline lattice is possible. 

Mechanism [I] will play a significant role for laser radiation in the 

wavelength range corresponding to lattice vibrations; for example, C02 laser 

radiation at  h. = 10.6pm couples very efficiently to lattice vibrations of many 

materials. However, this mechmli~m has not proved particularly useful for laser 

processing of semiconductors and will not be considered further here. 

h4echanism 12) is involved in the absorption of laser radiation of all 

wavelengths but is particula~.l!r crucial for laser photon energies less than Eg in 

heavily doped indirect band Knp semiconductors like silicon and gallium phos- 

phide. 

Mechanism [3] which will j)roduce an intensity-dependent a, where a is the 

absorption coefficient, may be 0 1  considerable potential importance a t  the photon 

densities used in pulsed lasr I 1 ~rocessing , especially for wavelengths near the 

indirect band gap and/or for rcy- short duration pulses. The equilibrium density 

of free carriers generated by (lie laser irradiation and hence the importance of 

mechanism [3], depends on l l ~ e  carrier recombination rate and it appears that 

this rate is so rapid that in I I J ~ .  nanosecond regime of pulse durations, mechanism 

[3] is relatively unimportas~l (-ompared to [J] in c l ~ f ~ ~ n l i ~ ~ i ~ l l r  ( V  h r  laser r a d i : ~ f ; ~ ~ l ~  

well above the indirect band g:lp in Gap. 

The largest contribution to a (for nanosecond pulses) for radiation with hv 

> Eg in indirect band gap semiconductors which have not been heavily damaged 

arises from mechanism (41. Mechanism [5] is quite important in laser annealing 



of ion-damaged semiconductor surfaces in which ol may easily be increased by an 

order of magnitude or more over. Ohe crystalline value. 

For photon energies much greater than the band gap of the semiconductor, 

a is virtually independent of hot h the temperature and the state of the material, 

since the contributions to a of nonlinear free-carrier absorption is almost cer- 

tainly insignificant for these short wavelengths. More precisely, a is already so 

large that further increases are unimportant. 

After the laser energy l las been absorbed by the electronic system, the fol- 

lowing processes may redistri I )  1 I 1.e the energy: . 

1. carrier collisions 

2. plasmon production 

3. electron-hole recombination Ijy an Auger process 

4. electron-hole creation by inr 1):lct ionization (the inverse of 3) and 

5. phonon emission. 

The first four processes 1~3ult in the redistribution of the energy among the 

carriers, while the last procw:: results in transfer of energy to the lattice, thus 

raising its temperature. 

Although there are still sollie minor discrepancies between the work of vari- 

ous groups , it would appear 1 l l : j t  the SeqiJenrr of o ~ - n n t c ,  on n ~ r l h n ~ n o c o ~ n v ~ ~ l  

time scale, initiated by an intensf. laser pulse of energetic photons is reasonald.i- 

clear. These events are illustrated schematically in Fig.6, which is adapted from 

von Allmen (20). The initial evettt.~ in the absorption process are band-to-band 

electronic transistions indicated bp event 'a' on the Fig.6. A small fraction of the 



absorbed energy may be transferred to the lattice by phonon emission but the 

more likely events are free carrier absorption by the excited electrons (b and c) 

followed by electron-electron collisions. These collisions produce a thermal equili- 

brium distribution about energy kr, where Te is the electron temperature, 

(cross-hatched area on diagraw), with Te much greater than the lattice tempera- 

ture, in times of the order of lo-" sec. The electron and hole populations are 

brought into thermal equilib~.ili~n with one another at  about the same time 

through impact ionization and Auger recombination. The schematic illustration 

of these events in Fig. 6 indirut.es that there is transfer of energy between the 

electrons and holes without any dissipation of the energy of the carrier system. 

Phonon emission on the time wale of lo-'' sec transfers energy to the lattice and 

heats it to the melting poini i l l  a few picoseconds. Simultaneously, the density of 

carriers decays (and therefol.f* Ijhe plasmon frequency decreases) by way of Auger 

recombination. On a much J ~ ~ t ~ c r r  time scale, a very low density of electrons at  

the bottom of the conductiorl I ~ m d  can radiatively recombine with the remaining 

holes in the valence band, proflltcing a weak, long-lived emission. This picture 

clearly implies that heating ilwrlel calculations in which it is assumed that 

transfer of the laser energy h(1r11 the electronic system to the lattice occurs in 

times comparable to, or less i Itnu, the pulse duration should remain valid even in 

the picosecond regime. 

2.6.2: LASER-SOLID INTER A ( !TION: HEATING THEORY 

In the previous section the photon-electron interactions were described and 

it is clear that the creation of phcnons occur in very short time. A natural conse- 

quence of this process is heating of  the solid and the theory of heat conduction is 



Figure 6. Schematic illustration of the elementary photoexitation processes, 

carrier equilibration mechanisms, and electron-phonon interactions in a 

semiconductor exposed to laser radiation with hv > Eg. Adopted from von 

Allmen (1980). 
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described in the following sections for both pulsed and cw laser interactions. 

2.8.2.1: PULSED LASER HEATlN G 

In this case, the feature size is large compared to the thermal diffusion 

length; alternatively, the time scale of interest is short compared to the time for 

lateral diffusion across the feature size of interest. Under these conditions heat, 

first deposited in the near surface, is transported in to the bulk largely by one- 

dimensional heat conduction acmcording to 

where the z axis points perpemdif-l~lar into the substrate. Here, J is the heat flux, 

T is the temperature, and k.,. :wd Cp are the thermal conductivity and heat 

capacity, respectively (21). 

The thickness lo of the ~P;II-surface region that is initially heated up by a 

short laser pulse (typically 5-!OO nsec) is equal to the optical absorption length 

lopt7 or the thermal diffusion lf*t~gth lT = during the pulse width T~~~~~~ 

whichever is greater: 1, =~~lax(lop,,lT). For the case of metals (strong 

absorbers), the optical abso~ plion depth is much shorter than the the thermal 

diffusion length during the pulse. so that lo - ->  IT ~ ~ c q p f  for vory ~ J I O T ~  fr:v+ 

picosec) laser pulses. For semicol~ductors and insulators in the infrared (weak 

absorbers), however, the optical absorption depth can be greater, so that. lo-- 

>lopt. For semiconductors above their band gaps (intermediate absorbers), the 

two thicknesses may be comparable. Unless melting occurs, the maximum tem- 



perature rise AT,, in this layer is determined approximately by 

where I is the incident laser fluence (in iJ/cm2), 1(1-R) is the absorbed laser 

fluence and R is the optical reflectance of the solid. 

Thermally enhanced chemistry will, of course, only occur while the surface is 

hot. Except for the shortest In.~er pulses and the highest thermal conductivity 

rnakerials, the surface is hot for a duration determined not by the temperature 

rise time (approximately the insfv- pulse width itself), but rather by the tempera- 

ture fall time. This fall timc i s  in turn determined by heat diffusion into the 

bulk after the pulse. The dept81rtlence of the temperature distribution on depth z, 

and time t, assuming the p ~ ~ l ~ ~ ~  1.0 be centered at  t=O, is characterized approxi- 

mately by the (half) Gaussialt (21) 

Z 
T(t)=TSub. + L\ 'l'(z=O, t) exp [-( ( lo+dq- i t )  > 1 

with the time-dependent skin f.c.rtlperature change 

The temperature fall time is s c w  1 o be approximately 

typically much longer than the temperature rise time. This fall time, rather than 

the pulse width itself, is the main determinant of the duration of the reaction 

enhancement due to laser irradiation. 



. Often, in the event of a phase change (solid to liquid transformation) that 

may occur a t  high fluences, surface chemistry is enhanced considerably. In this 

event, the important quantities are fluence threshold for melting the maximum 

molten layer thickness, and the duration of the surface melt. All these quantities 

have been modelled and reportrd in literature for pulsed laser melting of silicon; 

the simple estimates derived in i hat work should be applicable to other materials, 

however. 

2.8.2.2; CW LASER. HEATING 

Direct Wrltfngr Heat Dfffuslori i t 1  Three Dlmensione 

For focussed radiation f r . t v r t ~  a cw laser beam, the thermal diffusion problem 

is three-, rather than one-dilne~\sional. In that case, it has been shown by Lax 

(22) that for cw irradiation by a Gaussian beam of waist-size oo (radial intensity 

2 distribution Ioexp(-(r/w) ), thr: I: t fbady-state increase in the surface temperature 

distribution is 

Where Jo is the Bessel funf.liori of order 0. For most of practical purposes, this 

may be approximated by a (::~~tssian wit:h a la,t,erpl ~ ~ 3 t . i a . l  ert-nt larger by \'n 

than the original intensity did r . i  hu tion. or 

Here, ATo, is the peak temperature increase at  spot center, is given by 



AT, = AT(r=O,t=oo) = P(I-R)/(~GK~w,) (2*9) 

where P is the incident power and R is the optical reflectance. These equations 

are valid in the steady state, which is reached on a time scale approximately 

equal to the diffusion time over one spot size, to = o0/4DT 

2.6.8r LASER MATERIAL INTERACTION: MEASUREMENT TECHNIQUES 

Effect of pulsed laser irradiation on a substrate can be studied using in-situ 

and post-irradiation techniques. These techniques are discussed below. 

1. Conventional post-irradi:llion measurements such as Scanning and tranmis- 

sion electron microscopy (S1;:M and TEM), scanning auger electron spectros- 

copy, Rutherford backsc:~ wing (RBS) and sheet electrical properties meas- 

urements; and 

2. Time-resolved measuren~t*nts during and immediately after pulsed laser irra- 

diation, including meaqul-(~ments of optical reflectivity and transmission, 

electrical conductivity, r9.r well as structure and/or temperature sensitive 

measurements such as j j l~ lwd  Raman scattering, X-ray diffraction measure- 

ments of lattice strain, olblical second harmonic generation, and electron 

diffraction. 

During the investigation or laser-assisted film growth, SEM and TEM have 

been extensively used for fill11 f.I\aracterizatic)n. Tlif. only  in-.;it11 r n c n ~ l ~ r ~ m f i r i f ~ :  

carried out were the electrical conductivity measureme~lts of the semiconduct c ) t  

during pulsed laser irradiation to determine the effect of the laser pulsing at high 

rates on the temperature rise. 



Results and discussion are compiled in chapter 4 which is followed by a sum- 

mary, conclusion, and future work. 



3. EXPERIMENT 

8.1 DIRECT-WRITE OF G a p  Uf3I NG ARGON ION 

8.1.1 EXPERIMENTAL SET-111' 

The experimental configtit olion used for direct deposition of Gap structures 

is sketched in Fig.7. The 51 1.5 nm output from an Argon ion laser first passes 

through a beam expander and then i s  steered into a multi-element fl5.6 focusing 

lens. The lens was mounted o t ~  a precision X-Y stage, which can be translated a 

maximum of 2 inches along e:dl bxis by stepper motors in increments of 0.1 Fm. 

By programming the motions ihe stepping motors it was possible to 'write' 

various geometric patterns. 7)-pically 3 mm long lines and 500x500 pm pads 

were grown. An IR sensitive viflicon camera allowed us to visually monitor the 

location of the deposition ant1 in-process growth. An AlGaAs IR diode was used 

for illumination of the samplf- lo r  video observation. The substrates were placed 

in a stainless steel reactiou r ~ . l l  which had a quartz window. The cell was 

designed to accommodate 2-iw-h diameter substrates. The gas manifold and the 

deposition cell were heated lo about 120'C to a\-oid any condensation of the p l c 3 -  

cursor gases, especially on the window. A Baratron pressure measuring gauge was 

attached to the manifold. A11 the depositions reported below were obtained 

under static gas conditions. 



Focusing Lens' 

Reaction cell  

Figure 7. Schematics of the 'direct-write' experimental arrangement. 



8.1.2 GROWTH PROCEDURE 

The precursor gases for deposition of Gap were electronic grade trimethyl 

gallium (TMG) and tertiarybutyl phosphine (TBP), which is a relatively new 

phosphorous source. TBP was selected over phosphine due to lower safety risks 

(23). Once the cell was filled with appropriate partial pressures of the precursors, 

its pressure was brought up to one atmosphere with hydrogen. Several different 

substrates have been examined. 

Liquid encapsulated Czochralski (LEC) Gap substrates were used, which 

were first degreased in organic stjlvents, followed by a one minute etch in a 10:l:l 

mixture of H2S0,:H202:H20 This  was followed by a DI water rinse and dry blow- 

ing with nitrogen before they wwe loaded into the deposition cell. 

Selective area deposition 1 1 1  Gap on Si was also investigated. The (100) 

oriented silicon substrates werp first etched in 10% HF, followed by deionized 

water rinse and dried by blou iuc nitrogen before they were loaded into the depo- 

sition cell. 

The removal of nativcb oxide on silicon was investigated using three 

approaches. The first method i tivolved a photochemical approach where after 

pumpdown, the cell was first. Ij:~ckfilled with 4 Torr Cly The substrates were 

then irradiated with a mediurrl pressure, microwave excited mercury lamp. At a 

substrate temperature of aboul 150°C. the etch rate was ahovt 500 A/min. A f i  pr 

etching, the cell was purged will1 lydrogen before the precursor gases were intro- 

duced. The second technique involved prescanning the area on which epigrowth 

was desired with the laser at high power ( IW) in order to thermally desorb the 

native oxide. The third approach also involved thermal desorption (in presence of 

hydrogen) and proved to be the simplest. The substrates were irradiated by high 
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intensity tungsten-halogen lamps and the thermal cycle consisted of raising the 

temperature to 850°G for half an hour and then cool down to 200°C. Following 

the oxide removal, the reactant gases were introduced into the reactor. 

8.2 EXCIMER LASER-ASSISTED EPITAXY 

8.2.1 EXPERIMENTAL SET-UP 

The laaer deposition systrnr used for this investigation consisted of an exci- 

mer laser and a stainless steel tleposition chamber. A detailed schematic of the 

experimental set-up is shown in Fig.8. High purity hydrogen is first passed 

through a back pressure valve to reduce the pressure to 2 psi. This hydrogen was 

bubbled through the metallot.eranic sources which were kept in a constant tem- 

perature bath. Hydrogen fro111 the output port of the metallorganic bottles was 

passed through mass flow col\tl.ollers (MKS system) at  set values. The outputs 

from the mass flow controllers w r e  mixed in a manifold before being fed into the 

reactor. Dilution hydrogen n n r :  llowed through another mass flow controller 

before mixing with the precurqor. gases in the manifold. 

The 193nm output from a)! ArF laser (Questek 2000) was focused to a 2 x 7 
2 mm spot size onto a substraf.(q which was placed in the reactor. The laser was 

operated at  a pulse rate of 50 f l 7  with a power lock which maintained a constant 

output power. The substrate was placed on a stage ~ v l ~ o s .  temperature ror11.l l>n 

varied from ambient to 60f)'C. The UV radiation entered the reactor through a 

sapphire window, which was kept clear of deposits with a hydrogen purge sys- 

tem. The gases were passed through a thermal cracker which was maintained at  

700°C, in order to dissociate any unreacted precursors. 



Figure 8. Schematics of the excimer-laser assisted deposition set-up. 



8.2.2 GROWTH PROCEDURE 

The (100) oriented snlphilr doped (ND = 10"cm-~) Gap substrates were 

first degreased in organic solvents and then etched in a 5:1:1 solution of 

H2SO4:H20:H2O2. This was fo1lf)wed by rinsing in deionzied water and blowing 

dry with nitrogen before they were loaded into the deposition cell. The cell was 

evacuated to Torr before Ole flow of precursor gases was started. 

The precursor gases wet.(. electronic grade trimethylgallium (TMG) and ter- 

tiarybutylphosphine (TBP), which is a new phosphorous source. TBP was 

selected due to its significantly lower toxicity compared to phosphine [9]. Hydro- 

gen was flowed through TM(:(-15°C) and TBP(5"C) bubblers and the flow rates 

of the carrier gas (H2) plus thc. ~wganometallics were 3 sccm and 24 sccm, respec- 

tively. The P/Ga ratio was 3.2. Zinc doping was achieved by flowing dimethyl 

zinc (50 ppm in He) during tlw +growth. The reactor pressure was typically 

30 torr, unless stated otherwise. 

8.2.4 TRANSMISSION ELEC'I'II ON MICROSCOPY 

A Hitachi H-800 analyl i(.:ll electron microscope equipped with LaB6 filament 

was used to observe the crys1:ll defect structures in the thin film semiconductor 

samples and their chemical c ( ~  1 1 1  !tosition was analyzed using a scanning transmis- 

sion electron microscope (STI!:I\I) togather with a Tracor/Northern TN 5500 EPS 

system. The acceleration voltage of 200 IieV and filament current of 20 pdA W ~ I - c b  

the observation conditions. 

The wafers were cut into 2.5 mm squares and bonded on a Gatan grinder 

using crystalbond supplied by Aremco Product and ground to about 30pm thick- 

ness with 600 mesh Buehler grinding paper. Crystalbond was dissolved using 



acetone. At this stage, since the samples were fragile that it was almost impossi- 

ble to pick them up using tweezers. Therefore filter paper was inserted below the 

Gatan grinder before dissolving the Crystalbond in acetone. The samples, then 

dropped slowly on the paper when the Crystalbond dissolved. The paper was 

then removed from the acetone and dried in air. A tiny amount of epoxy was 

smeared on a 3mm Cu grid which had a lmm hole at  the center. The Cu grid 

was picked up using tweezers and laid softly on the sample. The sample with grid 

was dried for 3 hours and ion milled using a Ion Tech ion milling unit. 

The bask technique of crosq-sectional sample preparation is well established 

in the literature (24). Two wnfpr.s were stacked face to face using the commer- 

cially available epoxy mixture sltpplied by Hardman Inc. and cured for 3 hours a t  

200°F (Fig. 9). Stacks were rll l cross-sectionally into 0.5 mm thick square pieces 

using a Isomet low speed di:rt,lond saw manufactured by Buehler. Further steps 

were same as for the plan-view sample preparation, however, ion-milling was car- 

ried out from both sides of thc ogmple. 
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Figure 9. Schematics of TEM cross-section sample preparation procedure. 



4. RESULTS AND DISCUSSION 

4.1 ARGON ION LASER-INDtJCBD SELECTNE AREA GROWTH OF G a p  

4.1.1 INTRODUCTION 

Laser-induced reactions ha re  been successfully used for deposition of a wide 

range of materials. An impotnl:lnt attribute of this process is the high spatial 

resolution deposition that can he achieved without the use of photolithography. 

An application of this technique for epitaxial growth of Gap microstructures for 

potential optoelectronic appl its:l t ions is described below. 

'Direct-writing' of metals :r nd elemental semiconductors have been reported 

extensively in literature (25-3;). The deposition process usually involves the use 

of a scanning argon ion laser o r r  a substrate that is kept in the ambient of reac- 

tant gases. The laser either locnlly heats the substrate and the thermal energy is 

transferred to the surrounding gases which dissociate to initiate nucleation and 

growth process (pyrolysis) or plrotolytically dissociates the adsorbed layer leading 

to selective area growth (photolysis). Here. we h a w  aflel3trrl thr former ap131-c:)v 1 1  

to obtain selective area epitaxial growth of Gap. 

4.2 HOMOEPITAXIAL GROWTH 

The precursor gases for deposition of Gap were electronic grade trimethyl 

gallium (TMG) and tertiarybutyl phosphine (TBP). Several different substrates 



have been examined. In the first part homoepitaxial growth of Gap is discussed 

and in the seccmd results obtained o n  the heterwpitaxy on Si is presented. When 

the laser beam was held stationary on the substrate, pyrolytic decomposition of 

the precursor gases occured lending to the deposition of stoichiometric, polycry- 

stalline GaP as shown in Fig.10. This was our first laser-assisted deposit of the 

semiconductor. 

One of the first series of experiments involved examination of the partial 

pressures of the precursor gases. As expected, the growth rates increased with 

partial pressure at const,ant laser conditions. For example, a t  TMG partial pres- 

sure of 12 torr, V/III ratio of 15 and laser power of 2W, Gap depositions over 2 

microns thick were obtained wilh a single scan. These depositions were obtained 

on several different ~ubstratrq, including Si and GaAs. However, these deposits 

proved to be polycrystalline. Olwiously the growth rates had to be reduced in 

order to obtain epitaxial films. 'I'his was achieved by reducing the concentrations 

of the precursors and using low power, multiple laser scans. 

Smooth and continuous iqvifaxial lines and pads (by raster scanning) were 

deposited over a range of scan speeds (50 - 125 pm) and laser power (1 to 2 W) 

at  TMG partial pressures or 2 t.o 4 torr and V/III ratio range of 10 to 20. The 

growths were stoichiometric o r r v  this V/III ratio range. 

The thickness of the deposits were measured using a Dektak profil~met~er 

that made use of a 2 pm tip stylus. An example of a direct-write structure. 1.: 

shown i11 Fig.11, which is a scanning electron micrograph. An end view of this 

structure measured about 6.3 pm wide at the base and 2.5 high. Gaussian 

curve fit to profilometer data showed reawnable agreement, especially for the 

bottom half of the deposit. The top half of the deposit was slightly narrower 
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Figure 10. SEM micrograph of polycrystalline GaP grown using a stationary

argon ion laser beam.

Figure 11. SEM micrograph of a laser deposited GaP line



than the gaussian profile. This was not surprising since TEMoo mode of the laser 

was providing the thermal energy. The areas under these profiles (calculated by 

the profilometer) were proportional to their heights (Fig.12). Therefore the 

amount of deposition is reprelsented in terms of their heights. An exception to 

this was at high laser where double peaks were observed. 

The thickness of the deposits as a function of the number of scans is shown 

in Fig.13, where the scan speed was 100 pm/sec, V/III ratio of 10, and laser 

power of 0.4 W. It can be sprn that initially the growth per scan was relatively 

high, however it gradually de(.t.r>ased. One possible reason for levelling off of the 

growthlscan is the depletion o l  reactants. For a typical deposit of height 2 pm, 

2 the cross-sectional area calculatr.(l by the profilometer was about 15 pm . For a 

3 typical scan length of 2000p, i tw volume of the deposited material is 3x10-' crn . 

Usually ten such scans were inken for each filling of the gases. Therefore the 

total volume of Gap deposikrl was 3x10-'cm3. Assuming the theoretical density 

of Gap (4.13 gr/cm3), 

the total weight of the deposilq was 1.3x10-' gram. In this deposit, the weight of 

16 gallium was 9.1x10-~ grams n-hich corresponds to 8x10 gallium atoms. Now, 

considering 1 Torr of TMG at :!f;OK, number density of the gas is given by 

where P is the vapor pressure of the gas. T i s  the  ternlw-atlire in I< and I* i.; ( I l l  

volume of the cell. This corrwpond to 2.6~10" atoms/crn3 which about lo3 times 

the number of Ga atoms in the deposit. Hence the depletion of the precursor 

gases was not the reason for levelling off of the deposit with increasing number of 

scans. One of the reasons for the slowing of the growth was the decrease in laser 
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intensity. This can be visualized by considering the projection of a circular area 

on the spine of a ridge structure (Fig.14). As the growth progresses, the height of 

the ridge increases which further increases the projected area on it. This has been 

modelled by assuming a perfr(.lly gaussian shaped deposition profile as discussed 

below. 

Consider an equation for a Gaussian curve with the variance o 

Since the deposit is fairly Gaussian shaped, peak height of the deposit, h is given 

by 

Rewriting eq. 4.2 in terms of I I  !-ields 

2 2 
;\* = h exp-(ax h )  (4.4) 

Referring to Fig. 14, t h e  arc lolc 1 1 )  ( I )  from -ry to ry over the gaussian curve will 

give the major axis (2ry) of a 90" ellipse whose minor axis is the diameter of the 

laser beam /2rx). The arc len g 1 1 1  (2ry) is given by 

0 

Equation 4.6 was numerically integrated using simpsons rule for different peak 

heights of the Gaussian profilz. Ref~rr ing to Fig.14, using the integrated arc 

length (ry), a normalized radius of the projected laser beam was calculated using 





the expression 

This normalized radius was used in the calculation of peak temperature and the 

temperature profiles as a function of laser power for different peak heights. The 

peak temperature is given by the expression 

where the term P = p/r is t h ~  incident laser power per characteristic radius unit, 

R is the reflectivity, and K('1Io! is the thermal conductivity a t  the starting sub- 

strate temperature. The peak temperature calculated for different deposit 

heights is shown in Fig.15. It in  rvident that the temperature droped non-linearly 

for increasing deposit peak heigI11. Assuming the growth rate is proportional to 

the temperature rise, a drop i l l  growth rate is expected for increasing deposit 

height (In the laser microcht*t1\if,al processing, 3-D diffusion of molecules to and 

from the reaction zone becot~lf*s effective while in large area processing only the 

component normal to the sulbqlrate is relevant. Therefore transport limitations in 

the laser chemical processing will arise only at  much higher temperature i.e., 

kinetically controlled regirt!. is extended to higher temperatures. Hence the 

growth rate in the above disc*llwion was assumed to follow an arrhenious rela- 

tion). Thus the growth per nc:w slowed down for increasing number of scans. 

To illustrate the significance of ~ . I I P  increasing pr~ied-ql  3r.n i l l r ing growth. :-: l ' : . I  

micrographs of the deposits after 10 and 40 scans are shown in Fig.16a & 161). 

which clearly show the evolution of the ridge structure. A plot of peak tempera- 

ture as a function of deposit height for different beam radius is shown in Fig.17. 

In the above model, when the heam radius is varied for a particular lsser power, 





the temperature change with deposit height was less drastic with increasing r,. 

Hence in order to avoid the growth rate change during growth with increasing 

deposit thickness, both the laser power and spot diameter should be optimized to 

yield minimum temperature change. In general, this is expected to happen for 

large spot sizes, like 50pm, however, the resolution of the process is comprom- 

ised. 

The crystalline propertic3 of the direct-write structures were too small to be 

examined with an X-ray diffraf*(ometer available to us, therefore transmission 

electron microscopy (TEM) was utilized. Cross-sectional samples were prepared 

using the standard procedure which includes ion milling. Fig.18 shows a typical 

electron diffraction pattern of the laser deposited Gap, which verifies epitaxial 

growth. TEM micrographs have also provided interesting information about 

defects in the substrate and i r ~  the epigrowth. For example, a relatively large 

number of defects are seen i l l  (he far wings of the cross-sectional profile of the 

deposited structure. This is pl t l~t :~bly due to low growth temperatures due to the 

gaussian profile of the laser. 

Scanning auger analysis wnc carried out to determine the carbon and oxygen 

concentrations in the deposit h c e  the phosphorous source is a metallorganic 

instead of the conventional b~~clt.ide, phosphine. Fig.19 is a schematic of a Gap 

line drawn on Gap that wag nnalvzed. The auger data obtained after 2 minutes 

of argon sputtering from the three areas marked in t t10 mjc~-ogi-aph are shon-11 ill 

Fig.20 a,b&c. Regions 1 and 2 showed s~bstant~ial concentrations of carbon and 

oxygen, while the deposit showed negligible amounts. Carbon and oxygen line 

scans across the deposit as indicated in Fig.2la are shown in Fig.2lb. Both C and 

0 concentrations were lower in the deposit than in the substrate. Also, oxygen 
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(a)

6.0 ~m

(b)

Figure 16. SEM micrographs of GaP deposit after (a) 10 scans and (b) 35 scans.
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Figure 18. Transmission electron diffraction of the laser deposited GaP. The

zone axis is [1001.
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Figure 19. Schematic of the auger area scan 
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Figure 20. Auger spectrum of the laser deposited Gap at (a) area 1, (b) area 2, 

and (c) area 3 corresponding to Figure 19. 



showed a peak corresponding to the center of the deposit indicating that the 

deposit probably melted result.ing in increased oxygen solubility. Here, it is per- 

tinent to note that  the free energy of formation for the gaseous products of car- 

bon and hydrogen i.e., CH,, C,IJ6, etc are increasingly negative with tempera- 

ture. Hence the extremely high temperatures achieved during the growth is 

believed responsible for the very low carbon concentration. 

Another important growth parameter was the scan speed. Fig.22 shows the 

dependence of the growth at 3 different scan speeds. At 50 pm/sec, although the 

initial growth ate is high, tbe profile becomes rough and irregular after a large 

number of scans. As the sca.lt speed was increased, the profiles became smoother. 

The data in Fig.22 were obtnitjfd at TMG pressure of 4 torr, V/III ratio of 10, 

and 1 W laser power. Under 1 llese conditions best profiles were obtained at  a 

scan speed of 100 pm/sec. At llirlter speeds the lines grown were discontinuous. 

Other parameters examined included the laser power and the substrate orienta- 

tion. The epitaxial growth ratr initially increased with the laser power and then 

drops. For example, at TMG p ~ r l i a l  pressure of 3 torr, V/III ratio 15, and scan 

speed 100 pmlsec, the growll~/scan first increased with laser power, then stayed 

approximately even betweell 0.0 lo 1.2 W range, and then started to drop again. 

At higher laser powers the rr.f)q.-sectional profile has a dip in the middle. 

All the results reportctl d ~ o v e  were obtained on (100) Gap orientation. 

Besides (loo), (111) oriental if111 v7as also examin~cl.  14'.11- 411. ti rst few s(.:w-< 

lo), the growthlscan of the two orientations was about the same. Hourever. a.s 

the thickness of the deposit increased with the number of scans, the growth rate 

on (100) was higher than that on (111) orientation. For example, under the con- 

ditions of Fig.13 and a scan speed of 100 pm/sec, a corresponding thickness on 
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oxygen and carbon across the deposit. 



WMBER OF SCANS 

Figure 22. Plot of the dependence of growth on the laser scan speed. 



(111) orientation was 2.4pm sftctr 60 scans. 

4.8 SELEC'PnE AREA HETEROEPITAXY OF Gap ON SILICON 

4.8.1 INTRODUCI'ION 

Heteroepitaxy of 111-V compounds on silicon is of interest for fabrication of 

monolithic optoelectronic inf.(*grated circuits. Here a laser induced deposition 

process for heteroepitaxg of (;:IF' on silicon wafers (0.4% lattice mismatch) is 

described. 

4.8.2 RESULTS AND DISCUSSION 

Low growth rates were ilta-fl in order to obtain epitaxial films by lowering 

the concentrations of the p~-f~f.cirsors and using low-power, multiple laser scans. 

Typical deposition parameter. lor epigrowth were as follows: the substrate tem- 

perature was 200°C, laser po1t.r.r of 0.4 W, scan speeds of 50-125 pm/s, TMG 

partial pressure of 2 Torr a w l  V/III ratio of 15. The thickness of the deposits 

was controlled with the laser p(Icver, scan speed and the number of scans, where 

the growth was about 0.1 p~t) /wan.  The general trends of the relationships 

between tbe epitaxial growth R I ~  the growth parameters were similar to those 

obtained for homoepitaxial G:ll'. Smooth continuous lines and pads (by raster 

scanning the lines) were deposi1f.d in the path of the moving focused laser spot. 

Auger analysis of the s t r~ct~ures  grown u n d ~ r -  the  ;l l.0~ c .  d i i  i f ) n ~  werf fo11 t l . 1  I e *  

be stoichiometric (50% atomic (:a and 50% P). Incorporation of carbon was 

found to be negligible. 

Two examples of GaP n~icro::t,rrl.ctures are presented in Fig.23 and 24. Scan- 

ning electron micrograph of the 'direct-write' lines is shown in Fig.23. By raster 



scanning these lines, a pad call b~ grown, which is illustrated in the Nomarski 

micrograph of Fig. 24. The crystalline properties of these microstructures was 

determined using XTEM. An example of the transmission electron diffraction 

pattern of the film is shown in Fig.25. The streaking along the (111) plane indi- 

cates that it has some degree of polycrystallinity. Extra spots observed could be 

due to double diffraction. These results indicate that the heteroepitaxial film has 

some defects. 

In summary, laser induced homo- and heteroepitaxy of Gap on silicon has 

been demonstrated. Growth of microstructures was obtained without the use of 

photolithographic processes. Itowever, it is evident that the process was slow 

because of the repeated scannitlg involved in the growth. Also only a single struc- 

ture a t  a time could be fabti.:bk?d. The objective was to achieve selective area 

processing with much higher hroughput. Hence the use of excimer lasers for 

selective epitaxial growth was itw\stigated, since the laser has a large area out- 

put. The results from this invc.4 if:.)! ion are discussed in the following sections. 
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Figure 23. SEM micrograph of laser deposited GaP lines on Si

Figure 24. Nomarski micrograph of a GaP

pad grown on Si. The pad thickness is

about 3 microns.

Figure 25. TEM diffraction pattprn of a GaP

microstructure on Si showing epitaxial

alignment. The zone axis is [1101.



4.4 EXCIMER LASER ASSISTED SELECTIVE EPITAXY OF G a p  

Excimer lasers can be used to selectively grow compound semiconductors 

with high throughput because of their large beam area. Also, selective area 

growth can be realized using different chemical process routes by varying the 

excimer laser wavelength. For example, when 193nrn from an ArF laser is used as 

the photon source (under normal incidence) to deposit gallium using trimethyl 

gallium as the precursor gas, there are possibilities for 

a. gas phase dissociation of TMG 

b. adsorbed layer photo-d*mociation/pyro-diskiation of TMG 

and 

c. laser-induced heating and r- crystallization; this allows lower substrate tem- 

peratures. 

However, if 351nm excimf.r w tpu t  is used (XeCl) as the photon source, pho- 

todissociation of TMG is velj mlikely both in the gas phase as well as in the 

adsorbed phase because of i l 3  low absorption cross-section at  this wavelength 

(36). Thus the only possibility i s  adsorbed layer pyrolysis which again results in a 

high degree of area selectivit.\- fll~ring growth (37). 

The use of UV radiation (ArF, 193nm) from an excimer laser was investi- 

gated as a photon source to acllictre spatially selective epitaxial growth of Gap at  

low substrate temperatures c o n ~ p a ~  r d  to conventional n h I V " r  Low tempernf 1 1  1 

epitaxy of thin films of 111-V compounds offers sharp interiaces and reducerl 

stress due to mismatched thermal expansion coefficients during heteroepitaxy. 

Reduction of growth temperature without providing sufficient energy leads 

to  poor film quality and in worst case, polycrystalline or even amorphous growth. 



Epitaxial growth at  low substrate temperature was achieved by making use of 

the high energy laser photons (6.4eV) to assist in dissociating the precursor gases 

and increasing surface mobility of the adatoms on the surface for epitaxy. 

The initial approach was to use very low substrate temperatures and grow 

homoepitaxial Gap. This approach, however, did not prove to be very useful in 

obtaining epitaxial film even though polycrystalline Gap was selectively grown 

where the laser was incident on the substrate. Hence, it was decided to sacrifice 

the high degree of area selectivitly to some extent for improved crystalline quality 

by increasing the substrate temperature to 500°C. This led to some thermal depo- 

sition which will be compared s i t h  photo-thermal deposition in the following sec- 

tions. 

Homoepitaxial growth of CaP is discussed and compared at  various operat- 

ing parameters in section 4.5. In section 4.6 a unique observation made during 

the examination of Gap at high temperature (600°) is discussed. 

Heteroepitaxy of Gap on G ~ A P  :rnd comparison of defect structures in GaP/GaP 

and GaP/GaAs are discussed i t ,  srrtion 4.8. This is followed by the discussion of 

the periodic structure formatiort (luring heteroepitaxial growth of Gap in section 

4.9. Section 4.10 deals with tbc results we obtained during electrical conductivity 

measurements of Gap under 1.7qf.1. irradiation to determine the effect of laser puls- 

ing on substrate heating. 



4.6 HOMOEPITAXY OF Gap 

4.5.1 INTRODUCTION 

An ArF excimer laser wa,s used to assist selective epitaxial growth of Gap. 

The precursor gases for gallium and pbosphrous were trimethyl gallium (TMG) 

and tertiarybutyl phopsphine (TBP) respectively. Initial experiments were carried 

out at atmospheric pressure with the substrate held at 300°C. Growth in the 

absence of laser irradiation wss negligible and when the laser was focussed on to 

the substrate, it was fine graincd/amorphous in nature. 

At 300°C, neither TMG nor TBP is thermally dissociated (38,39) and when 

the laser is turned on, due to strong absorption at  193nm (36,40), there was pho- 

todissociation of precursor gasps resulting in a film growth. However, because of 

low laser fluences or high gas plr:lse nucleation of Gap molecule a t  high system 

pressure, only polycrystalline clfb~vt~sit was obtained. In order to achieve epitaxy, 

three major system parametcv were changed. The first being the reactor pres- 

sure? was decreased from 760 tnt-r to 15 torr in order to reduce specie dwell time 

and hence the gas phase nti(-lr,:~tion possibility. The other two changes were 

increasing the substrate temlj(~talure and the laser power density. These would 

enhance the adatom mobility :I 11d hence favor epitaxial growth. Various system 

parameters were studied and : I !  f ,  discussed below. 

4.6.2 PHOTON-INDUCED DISSOCIATION 

It is known that TMG strongly absorbs radiation at  193 nm resulting in the 

dissociation of the molecule and formatlion of atJomic gallium through a two pho- 

ton process (36). The absorption apectrum of TMG is a continuum that starts a t  



260n1n and peaks at  200 nm (Fig.36). The primary photoprocess a t  193nm is 

Ga(CH3), + hv ----> GaCH3 + 2CH3 

The secondary phot,oprocess is 

GaCH, + hv ---> Ga + CH, 

2 with the absorption cross-sectir,n of 4x10-l7 crn . 

There is no literature avsilable on the W photon absorption characteristics 

of TBP. Therefore, mass sprcl.rometric studies were performed which showed 

that 193 nm photons do dissociate TBP molecules giving elemental phosphorous 

and hydrocarbon fragments. A typical spectrum of the photoproducts seem dur- 

ing 193nm irradiation in the presence of TBP is shown in Fig.27. However, a 

detailed examination of its di.rrociation characteristics was beyond the scope of 

the present investigation and holce will not be discussed further. 

4.6.8 GROWTH CHARACTER.I% ATION 

The dependence of Gal' growth rate on the substrate temperature was 

examined first. Growth rate of Gap versus the substrate temperature a t  two 

laser power densities is show11 i t 1  Fig.28. With a laser energy density of 0.06 

~ / c r n ~  the growth rate first in(.r.eased with substrate temperature up to 300°C, 

which is similar to the kineti(-dlv controlled regime of a conventional metalor- 

ganic vapor phase epitaxy (Ohli'PE) process. At higher substrate temperatures, 

the growth rate was uniform and then dropp.-.rl a l v c \ ~ - c  5nnr'' '. Cros~-qodi.\rl.rl 

transmission electron microscope analysis of the films grown over this entire tern- 

perature range showed them to be composed of large polycrystalline columnar 

2 
grains. When the laser energy density was increased to 0.1 J/cm , the growth 

rate was higher as expected due to higher photon induced dissociation rate of the 



Figure 26. Comparison of trimethylgallium absorption a?  a function 

temperature. Pressure = 0.3 Torr, path length = 7 . 5  cm. 

(-----) 25C. (-----) 100C, ( ) 200C, (- -) 300C. 
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Figure 27. Mass spectrum obtained during laser irradiation in the presence of 

tertiarybutylphosphine. Note the absence of peak at mass 90 corresponding to 

TBP . 



Substrate Temperature ( O C )  

Figure 28. Plot of growth rate of Gap versus the substrate temperature at 0.06 

and 0.1 1 J/cm2 laser energy density. 



precursor gases. Films grown klelow 200°C peeled off and at  300 and 400°C were 

polycrystalline. The surfaces of these growths appeared to be cracked (Fig.29) 

probably due to decohesion of the films from the substrate which was observed 

with XTEM (Fig.30). In case of silicon, time resolved x-ray diffraction measure- 

ments have shown that the surface is severely strained during pulsed laser irradi- 

ation (41). This strain is thought to be due to simultaneous normal thermal 

expansion and lateral clamping of the lattice (the latter due to the cool part of 

the sample outside the laser beam), resulting in a uniaxial stress with symmetry 

axis perpendicular to the samjde surface. Similar stress could be responsible for 

the film cracking and decohesion at low growth temperatures. Moreover a t  low 

substrate temperatures, beca11t.r. of low migration of atoms there could be a resi- 

dual stress build-up in a film Oc!posited at  relatively high rates under high laser 

fluences. Such residual stress colild also lead to decohesion involving film crack- 

ing, followed by cracking of the substrate parallel to the interface (42). At 500°C 

the films were free of cracks at\(! f Ire growths were epitaxial. In comparison, films 

deposited a.t the same tempera( tire but without the laser (Fig.31) had a fine grain 

polycrystalline morphology. A 1 911 bstrate temperatures above 500°C, the growth 

rate of the films deposited tri!h the laser dropped. Initially this drop was 

believed to be due to a diffusiol~ limited regime which is observed in conventional 

MOVPE. A closer inspect.iol,. however, showed these films to be sputtered 

(Fig.32). This kind of sputtering of different materinlc: w i n e  n r l  excimer i n w ~ -  i -  

well documented in the literature (43). Dependence of growth rate on laser pulse\ 

rate and the power density were also investigated. The growth rate increase with 

the pulse rate up to 80 Hz (upper limit of the laser) which was expected due to 

higher rate of photodissociation. However, the growth rate per pulse dropped 
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Figure 29. SEM micrograph of GaP deposited at 300°C.

10.2 f.LIDU

Figure 30. Cross-sectional TEM micrograph of the above deposit showing a

cracked interface.



71

(a)

.

(b)

Figure 31. (a) Cross-sectional TEM view of the thermally grown (500C) GaP film

and (b) its corresponding transmission electron diffraction pattern showing the

fine grain polycrystallinity.



Figure 32. SEM micrograph of the laser sputtered GaP deposit.
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(Fig.33) with increasing laser repetition rate indicating the limited supply of fresh 

gas to the photolysis volume. The g ~ o w t h  rate of Gap versus laser power density 

a t  500°C is shown in Fig.34. The growth rate as well as the grain size increased 

with laser mergS. At about 0.t J/cm2 (substrate temperature 500°C) epitaxial 

growth was arhieved. Beyond &bout 0.12 ,J/cm2, sputtering started to dominate 

and the growth rate dropped. The phase change from polycrystalline to single 

crystal was believed to be due to the transient heating by the pulsed laser radia- 

tion. This was further checked by changing the laser wavelength to 248 nm 

(KrF) where the absorption of TMGa and TBP was significantly lower than at  

193 nm (36). All the other condit.ions were kept the same. However, only polycry- 

stalline films were obtained swsesting that both photochemical and transient 

heating processes were responsi llle for assisting epitaxial growth at  this tempera- 

ture. No significant difference was observed when the lmer power density was 

adjusted to compensate for i l ~ r  different reflectivities a t  the two wavelengths 

(experimentally determined rellwtivities, 0.39 at 193 nm and 0.48 at  248 nm). It 

is interesting to note that cr(.tl at a temperature of 600°C, the purely thermal 

film growth consisted of py I.:, 1 1  lit!-like structures with spherical tips that were 

determined to be polyerystnllin.. A unique crystalline morphology observed in 

these structures is discussed in c I d . n i l  section 4.6. 

The crystalline properties uf {he Gap films grown at  500°C without the laser 

2 and with 0.11 J/cm laser radiation are shol rn  in i~' ic-:.:: l r ~ n c I  3.5. r ~ ) ~ ~ ~ r f i ~ . . s I . ,  

with corresponding growth rates indicated in Fig.28. Tho XTEM view of t 1 ~  

thermal growth (Fig. 31a) shows a fine grained polycrystalline morphology. This 

is confirmed by the transmission electron diffraction pattern shown in Fig.3 1 b. 

In the presence of laser radiatir~n (0.11 3/cm2) epitaxial growth was achieved as 



Laser Rep.Rate (Hz) 

Figure 33. Plot of growth rate vs. laser repetition rate at laser energy density of 

0.11 J/sq.cm and 500 "C. 
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(a)

(b)

Figure 35. (a) Cross-sectional TEM view of the excimer laser assisted grown

(500C) GaP film showing the epitaxial growth.

diffraction pattern along [lID] zone axis.

(b) Transmission electron

. .. . \i. . '
;. . .'. . .. . .. .. .. .. . .. . .. . .. . .. .. ' .. . . .. . .. . .. .. ..



shown in Fig.35a. whicb is again an XTEM view. There is a high density of 

t ~ i n s  which are thought to accornmodate the stress induced during growth. 

Extensive twinning of the filnl in combination with double diffraction effects 

result in the appearance of the extra spots in the transmission electron diffraction 

pattern at  113 and 213 distances along < 111 > as shown in Fig.35b. Therefore, 

by comparing the two conditions, it is evident that the presence of laser radia- 

tion, in addition to an enhancement in the growth rate (by a factor of 6 a t  

500°C) also substantially improved the crystalline quality of the deposit. 

However, the crystalline qclnlity of the deposit was not uniform across the 

spot. XTEM diffraction patte1.t) close to the edge of the growth showed streaking 

(Fig.36b) a,nd the defect densif ,Y was too high to be resolved in the bright field 

XTEM micrograph (Fig.362). 'I'his can be explained based on the fact that the 

laser energy is not uniform af.lf)ss the spot; this resulted in different degrees of 

crystallization during growtl~. Ilowever, such inhomogeniety can be avoided 

either by masking off edges of i . l l r j  beam or by using a beam homogenizer. 

The effect of reactor pressut r i  on the crystalline quality of the films grown at  

2 500°C was studied for a consf :I n l  laser energy density of 0.11 J/cm . At pres- 

sures close to 1 atm., polycryst,nlline films were obtained. This was probably due 

to a high rate of gas phase dissociation followed by nucleation. A reduction in 

the pressure to 14 torr drama1 i(.:l llv improved the qua1it.p of the epitaxial growth. 

This is illustrated in Figs.3i:t :tttd 37b which FIIPII t l r c  I . ~ - i ~ h f  l i ~ ! d  XTF,bI r i \ i f  1 , .  

graph and its corresponding electron diffraction pattern along [110]. There is a 

marked absence of the extra spot.:; in the diffraction pattern which are present in 

Fig.35b due to twimil~g at 30 tor).. TEhl tilting analysis revealed the presence of 

stacking fault-like defects in addition to dislocations. A (111)-g, g weak beam 
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(a)

(b)

Figure 36. Cross-sectional TEM micrograph of GaP grown away from the center

of the beam spot. (b) Transmission electron diffraction pattern along [100] zone

axis showing a degree of polycrystallinity.
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image of the film shown in Fig.38 clearly demonstrates the presence of these 

faults and the absence of twins on (111). The profound effect of pressure on the 

crysta-)line quali ty of the deposit is in direct contrast to tbe results reported for 

the excirner laser assisted epitaxial growth of Ge on GaAs, with the laser in 

parallel geometry (44). Such substantial improvements in the film crystalline pro- 

perty in the present experiments with decreasing reactor pressure could be either 

due to an increased laser fluenpc. reaching the substrate, thus influencing tran- 

sient annealing or the decreasrfl cooling effect of hydrogen. 

The extent of the cooling erect was investigated by monitoring the electrical 

conductivity of a thin Gap srtl~sf.rate following exposure to one or a series of laser 

pulses. Initially, the eonductivilp was calibrated with respect to the substrate 

temperature in the absence of 1:mer radiation. Next, the change in conductivity 

during laser irradiation and a1 different reactor conditions (Hz, He buffer gases, 

pressures) were recorded every 100 msec with a computerized system. Photogen- 

erated voltages were also take11 inlo account. The conductivity wss first recorded 

at  low pressure torr) a11ll (.llc.n He or H2 was introduced slowly. At a buffer 

gas pressure of 0.1 torr, thvr r was a dramatic drop in the steady-state conduc- 

tivity. As He or H2 pressurrt f ~ a s  increased, the change in the conductivity at 

higher pressures was smallrt.. 'l'l~e difference in conductivity between 15 and 30 

torr of H2 was small compared (7 ( h e  change between 0.1 and 1 torr. Hence, the 

main reason for the difference iu t he crystalli~~e p r ~ p c v i  T- o f  : 31 ' gron7n a f  1 f 1 - 1  I 

and 30 torr was not considered l o  be the cooling effect.. The results of the above 

mentioned investigation are presented in detail in chapter 4.10. 
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(a)

(b)

Figure 37. (a) Bright field cross-sectional TEM view of the epitaxial GaP film

grown at 14 Torr total pressure. (b) Transmission electron diffraction pattern

along [110] zone axis.
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Figure 38. Weak beam (111) -g, g image of the film grown at 14 Torr showing

the absence of twins on (111).



4..6.4 ELECTRICAL CHAEACTERIZATION 

Electrical prope~ties of the laser grown epitaxial films were examined by 

characterizing p n  diodes fabricated b y  growing Zn doped Gap on the n-type 

substrates. Typica.lly 40 sccm of 50 ppm dimethylzinc in He was flowed during 

the growth of Gap. After the growth of about 1.5 pm thick film, ohmic contacts 

were obtained by evaporating and alloying Au-5% Zn on the p-type film and 

Au-12%Ge- % on the n-type substrate. Contacts were alloyed at  425OC for 2 

minutes in nitrogen atmospkrrv in a rapid thermal unit. The substrate waa 

scribed and cleaved to 3 mmz slices. Current-Voltage chracteristics were meas- 

ured using a Tektronix progranm~able curve tracer and the capacitance -voltage 

characteristics were measured rising a micromanipulator C-V plotter. Before 

going into the experimental r(:slllts, the theory behind p-n junction analysis is 

discussed briefly in the followi~qr qections. 

4.5.4.1 CAPACITANCE IN A 1'- b~ .IUCTION 

When electron donor (n-ty p a )  and electron acceptor (p-type) materials of a 

semiconductor are joined toga f l lf*r electrically, diffusion of charge carriers occurs 

because of large gradient of rh:~~.ge carriers at  the junction. Electrons leaving 

from n to p region creates N,;i in the n region due to the remaining immobile 

charges. This creates a positirf. space charge near the p-n junction. A similar 

negakive space charge is crr:~fc-(1 in t,hr y r e g i ~ n  1 . t - 4 - t t 1 t ~ 0  of t h o  flolr. of 11#.1-. 

These regions constitute the deplt.t.ior~ width. 11- (ahich is depleted of mobile r:li-- 

riers). Further flow7 of carrien i:: a~rested bv the electric field setup across the 

depletion region. Tbe depletion width under an external bias is given the relation 

(45) 
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1/2
W = [2f.«Pj- V)/q (1/Na+1/Nd)] (4.9)

where Es is the permitivity of the semiconductor, <Pjis the built-in voltage, q is

the electronic charge, Na and Nd are the acceptor and donor concentrations and

V is the applied external bias. It is clear that the width W decreases with for-

ward bias. This is because the applied voltage moves majority carriers towards

the edges of the depletion region where they neutralize some of the space charge.

For any highly assymetric p-t N junction (abrupt junction), with Nd < < Na, eq.

4.9 reduces to

W = [2Es(<Pj-V)/( qNd)]1/2 (4.10)

The depletion-layer capacitan('(' per unit area is defined as

C == dQc/dV (4.11)

where dQ is the incremental inf'lpase in charge per unit area upon an increamen-c

tal change of the applied volta~!' uV. For one-sided abrupt junctions, the capaci-

tance per unit area is given by

C == dQc/dV ~ d(qNdW)/d[qNd/2Es)W2] = Es/W (4.12)

or

1/2

(' =- [qEsNd/2(<pj-V] (4.13)

Equation 4.13 can be written as

1/C2 = 2(<bj- V)!(qEsNd) (4.14)
or

d(l/d~) = 2/qEsNd
dV

(4.15)
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It, is clear from eqs. 4.14 and 4.]5 that by plotting 1/C2 versus -V, a straight line

should result for a one-sided abn\pt junction. The slope gives the impurity con-

centratiQn of the subst.rate (Nd)' and the intercept at 1/C2 = 0 gives <Pi, Hall

mobiIit)', rneaStlrements yielded an acceptor doping concentration N ofa

10~Wcm-3. A plot of the square of the reciprocal capacitance versus the bias vol-

tage is shown in Fig.39. The linear relationship between the voltage and the

square of the reciprocal capa('itance indicates that the junction was abrupt. A

built-in voltage of 1.78 V was oHained from the plot.

4.6.4.2 Currents in P-N junction

Diffusion of charge carriers due to concentration gradient leads to diffusion

current. Space charge in the dcpletion region creates an electric field that induces

a drift current from n to p 'e~ion opposing the diffusion current. Under zero

bias, there is no net current flow across the junction. The total current in a P-N

junction is given by

.f = J (eqVjkT )s -1 (4.16)

where

J 00s

P N
no po

qD-+qD-
p L n L

p D

(4.17)

Equation 4.17 is the celebrat{"'r/ Shockley equation (415), which is the ideal din,1<-

law, Under reverse bias, the current is simply equal to ,\. The Shockley equation

adequately predicts the current-voltage characteristics of germanium p-n junc-

tions at low c:urrell.{, densities. For Si and UI-V compound semiconductor p-n

-



Figure 39. C-V characteristics of I, 11-n diode fabricated using laser epitaxy. 
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j':lnctions, however, the ideal behavior can only give qualitative agreement. The

departure from the ideal are mainly due to:

(a) the surface effect,

(b) the generation and recombination of carriers in the depletion region,

(c) the tunnelling of carriers b(-.tween states in the band gap,

(d) the high injection condition that may occur even under small forward bias

and (e) the ~rif'.s resistance effect.

In addition, under suffici('ntly larger field in the reverse direction, the junc-

tion will break down (as a re~ldt. of avalanche multiplication).

The non-ideal diode equ~ Iion is written as

.J ~ Js exp(qV /nkT) (4.18)
where q is the electronic charge, k the Boltzmann constant and n the ideality fac-

tor. The forward I-V charact(',.;<:fj!'s of this diode at 300 K are shown in FigAO.

At room temperature two regions were observed; one corresponds to n = 2

(region I) at higher current dl',,~if.vand another (region II ) at lower current den-

sity with n = 6.6. In region 1. the current is dominated by recombination in the

dep1etion region, whereas regif)11 II indicates presence of tunneling current which

is consistent with extreme dOf'ing concentration in the p-region (47).

The reverse I-V characteri.,jics (at 300 K) are also shown in Fig.40, where

the breakdown voltage was 39 V. In the prp- ;1y::d;11l'I". l,,£inll. ihe C1J1v'nt ,I. ,.

sity varies as

J==3.47x10-7 V2.63 (4.19)

Such a power dependence of reverse current has been shown to be due to a tun-



neling mechanism (471. 

SUMMARY 

In summary, excimer laser induced epitaxial growth of Gap was studied 

using TBP, a new phosphorous precursor. High growth rates were achieved in 

the presence of laser irradiation at relatively low substrate temperatures. The 

epitaxial growth was dependent over a narrow range of various parameters such 

as the substrate temperature, laser wavelength, pulse energy, and reactor pres- 

sure. Electrical properties of p-n diodes fabricated using laser epitaxy exhibited 

similar characteristics to those s11:~de at  higher temperatures using conventional 

methods. 



Voltage (V) 

Figure 40. I-V chracteristics of the jp-n diode. 



4.8 OBSEVATION OF PSEUDO-FIVE FOLD SYMMETRY IN G a p  

4.6.1 INTRODUCTION 

In the above discussion, there was a mention on the growth aspect of Gap 

thermally deposited at  600°C. This is presented in detail below. Transmission 

electron microscope diffraction patterns exhibiting five- fold-like symmetry were 

observed while examining Gap films grown by laser-assisted chemical vapor 

deposition. The five-fold- like pattern was a composite effect from multiple crys- 

talli tes. 

The existence of crystalline solids having five-fold rotational symmetry has 

been an issue of controversy since 1984 when transmission electron microscope 

(TEM) specimens of Al-Mn alloys were found to exhibit this phenomena (48). 

There are two schools of thoi~gl~t  regarding the nature of observed five-fold sym- 

metry. There are those wilt) Ib(8lieve that certain materials exhibit icosahedral 

point group symmetry, i.e. f111.-fold coordination of atoms present in liquid 

phases is preserved in the solid sl:lte upon solidification (48,49). In contrast, oth- 

ers hold the belief that the apl):)1t\zlt five-fold diffraction observed in Al-Mn cry- 

stals is a result of multiple tair\~iiug of cubic crystals (50,51). Investigators have 

also produced electron difiactifm patterns that  exhibit five-fold symmetry while 

studying alloys in the AI-7'i cystern (52). These researchers have demonstrated 

that the five-fold symmetry pattern result~d from the ~ o l l o r t  i l -0 effects of mill+ i 

ple crystals of cubic symmetry, not from a crystal having an axis of five-folll 

symmetry. Here we report yet another instance in which diffraction from highly 

twinned polycrystals give rise to a five-fold like pattern. 

When the Excimer laser-assisted epitaxial growths of Gap was conducted a t  



the upper end of the temperature range (i.e. 600°C, the deposition did not remain 

planar, and ellipsoidal 'cones' grew out of the surface. Cones, or hillocks, have 

been reported elsewhere for GaAs and InGaAs (53). The cones, which were 5 to 

10 micrometers high, terminated in polycrystalline crests. It was during the 

examination of the crests that the apparent five-fold symmetry was observed. 

4.6.2 DISCUSSION 

A scanning electron micrograph illustrating the cones and crests described 

above is shown in Fig.4 1. Cross-sectional transmission electron microscopy sam- 

ples were prepared from thcb specimen to allow examination of the deposited 

layer. Fig.42 presents a brighf field TEM image of one of the cones which shows 

highly twinned, polyerystallilr(~ morphology. A selected area diffraction (SAD) 

pattern of the lower portion of (lie cone is shown in Fig.43 where the cone axis is 

along [110]. It is the SAD pat l t ~  j~ of the polycrystalline crest shown in Fig.44a 

that suggests a five-fold-like rol.:ll ional symmetry. 

Microdiffraction studies of the individual crystallites gave no evidence of the 

diffraction pattern shown in i;'ilr.,14a. The absence of five-fold symmetry in the 

microdiffraction patterns leads lo the conclusion that the five-fold pattern illus- 

trated in Fig.44a is not inh(.lc*rlt to the crystalline lattice, but a consequence of 

the twinned polycrystalline r t i c f r  phology of the deposited material. A diffraction 

pattern from a highly twinned qi~rgle crystal GaP a lmg  [!I01 i q  chau7n in Fie.n'.l. 

It is believed that this is the basic pattern that lead to the appearance of t h ~  

five-fold-like diffraction effect. To demonstrate this effect, a simple [llO] unit cell 

is repeated five times (Fig.44b) in order to create a five-fold-like symmetry. For 

simplicity, the extra reflections which arise from (111) twinning and double 
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Figure 41. SEM micrograph showing the elongated pyramid-like structures with

polycrystalline crest.
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Figure 42. Cross-sectional TEM micrograph
of a cone. The top portion is polycrystalline
and the bottom is single crystal.
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Figure 44. (a) Selected area diffraction
pattern of the polycrystalline portion
of the cone.

Figure 43. Selected area diffraction
of the lower portion of the cone. Zone
axis is [110J.



diffraction are omitted. The pattern displays ten-fold symmetry; the shortest 

reciprocal vectors are to ten 110-type reflections superimposed in pairs. Next 

furthest out come ten single 200 reflections with no superimposing effect and 

further on. It is believed that the above pat,tern (Fig.43b) was observed in 

Fig.44a during the examination of a twinned polycrystalline morphology of Gap. 

The material systems previously found to exhibit pseudo five-fold symmetry 

were metallic, and formed either by solidification or physical vapor deposition. In 

the present cme, the symmetry pattern was observed in a compound semiconduc- 

tor formed by chemical vapor deposition. The appearance of pseudo five-fold 

symmetry in such disparate systems leads us to wonder if perhaps this 

phenomenon is commonplace. 
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Figure 44b. Schematic of the diffraction 
pattern corresponding to Figure 44a. 



4,7 HETEROEPITAXIAL GROWTH OF Gap ON G a h  

In order to demostrate the low temperature nature of the process, heteroepi- 

taxy of Gap on GaAs was attempted. The reported growth temperature for Gap 

in a conventional OMVPE system is about 900°C, while at  this temperature 

GaAs decomposes because of the high equilibrium vapor pressure of arsenic. 

However, if Gap could be grown epitaxially on GaAs at 500C0, then the useful- 

ness of the process will be demonstrated since at  this temperature Gaks is less 

likely to dissociate. Growth conditions used for Gap on GaAs was same as for 

homoepitaxial Gap. Cross-sectional TEM was used to characterize the deposits. 

Heteroepitaxial growth Gap was indeed achieved on misoriented (100) GaAs 

substrate. However, the growth of Gap was found to be periodic in nature, with 

a periodicity about the wavelength of the laser. Again both plan-view and cross 

sectional TEM were used to rb:wacterize the epitaxial structures. The following 

discussion is based on the cross-sc.ction TEM results obtained during examination 

of the epitaxial growth in a dirc3(:tlion parallel to the periodic structure (referring 

to Fig.45, it is cross-section along AA). Results of plan-view and cross-sectional 

TEM in a direction normal to 4 .1 )~  periodic structure are discussed in chapter 4.9. 
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Figure 45. Schematic of TEM cross-section sample orientation.
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4,8 COMPARISON OF HOMO- and HETEROEPITAXIAL 

DEFECT STRUCTI.lmS 

During crosrc4ectional transmission electron microscopic analysis of 

GaP/GaP and GaP/GaAs, it was observed that the homoepitaxial defect struc- 

ture was different from that in heteroepitaxy. The nature of the defects and also 

the possible reasons for the origin of these defects are discussed in this section. 

4.8.1 DEFECT STRUCTURE IN GaP/GaPt 

The defect structure of the homoepitaxial Gap is shown in Figs.46a-d. The 

XTEM sample was viewed using four different 2-beam conditions, [022], [400], 

12221 and 12221 to analyze the defect structures. The g.b criterion was used for 

visibility of dislocations, where is the diffraction vector and b the Burgers vec- 

tor of dislocations (54). Thew was a high defect density region close to the inter- 

face which extended up to 0.ORlt.m in to the epilayer (Fig.46a). This region con- 

sisted of both line (dislocali~~tlrr) and planar (twins, stacking faults) defects. 

Above the highly defective i td  er face region, the most dominant defect structure 

in the epilayer was atacking f:l i l l(s. The partial dislocations enclosing the stack- 

ing faults which disappeared ttnder (0221 beam condition had 116 <211> - 

type Burgers vector and are ir~tlif*irted by 'p' in Fig.46. Pure edge dislocations of 

the type 2 1/2[OTl] type, it~di(-n.ted by 'e' were also observed in the epilayer. 

These became invisible in [400] direction suggesting that the Burgers vectors are 

lying in the growth direction perpendicular to t h ~  [ O i  I ]  d ir~rtion. The thre2(lill~: 

dislocations penetrated the epitaxial film and are indicated as 't' in Fig.46d. 
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Figure 46. (a-d) Crose-sectional TEM micrographs showing the defect structure in

homoepitaxial GaP under four different refections: (a) 022, (b) 400, (c) 222, and

(d) 222.
~
00

In the figures, 'p' indicates partial dislocation, 'e', pure dislocation and 't',

threading dislocation.



4.8.2 DEFECT STRUCTURE IN GaP/GaAs: 

The defect structures observed in the heteroepitaxial Gap on GaAs are 

shown in Figs.47a-d. These micrographs were taken at  four different Zbeam con- 

ditions i.e. (0221, [ZOO], [222] and [222]. It should be noted that both the homo- 

and hetero-epitaxial layers were grown under identical experimental conditions. 

One major difference observed in the defect structures of the homo- and 

heterwepitaxial layers is the presence of twins in the latter case which is indi- 

cated by arrows in Figs.47a-d. Although twins were also observed in the homoep- 

itaxial growth, they were not the dominant defect structures, whereas in the 

heteroepitaxial film they extended from the interface to the top of the epilayer. 

From Figs.47~ and 47d, it is clfrnr that twinning has occured along the four (111) 

planes. The sample was tilted to reveal only the twin structure (Fig.48) which 

showed that the defects origitl:\tted from the interface and propagated through 

the film thickness. 

There was also a conspi f-uous absence of the partial dislocations enclosing 

the stacking faults under (22q nrlrl [222] beam conditions (Figs.47~ & d). In order 

to further examine the interfact.. Ihe XTEM sample was tilted which revealed the 

presence of triangular struct f~r.cs that could be the pyramid-shaped dislocation 

tangles (PDT) (55,56). Dislo(.:riions originated from the apex of these triangular 

structures (Fig.49). Presence of these defects have been attributed to composi- 

tion inhomogenieties at the interface and 3-D island fcbrmation during n n r l ~ : ~ ~ i ~ ~ ~ l  

stage of the film growth process (56). In contrast, tilting of the homoepitaxial 

Gap film failed to reveal any defect similar to the PDTs. 



r

(a)

~
,'":"t C ~

-
0.2 ~m (b)

~ -~i:
~~

, ,.

~

(d)(c)

Figure 47. Cross-sectional TEM micrographs showing the defect structure in GaP

.....
0
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grown on GaAs, under four different reflections: (a) 022, (b) 400, (c) 222, and (d)

222. The .,~ ,\' indicate twins.
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Figure 48. Heteroepitaxial GaP sample tilted to reveal twins.

.\

Figure 49. Cross-sectional TEM mirrograph of GaP /GaAs tilted to reveal the

interface.



4.8.8 DISCUSSION 

When a semiconductor surfaxe is irradiated with a laser, there is a rise in 

temperature. In a pulsed laser irradiation, the surface is hot for a duration 

determined not by the temperature rise (approximately the laser pulse width 

itself), but rather by the temperature fall time. This fall time is in turn deter- 

mined by heat diffusion into the bulk after the pulse. The dependence of tem- 

perature distribution on depth z, and time, t, assuming the pulse to be centered 

at  t = O ,  is characterized approximately by (half) Gaussian 

z 
T(z,t)=TSU,. + AT(z=O,t) exp [-( (if V ~ D T ~ )  

with the time-dependent skin temperature change 

where I is the incident 1:rqr.r fluence (in J/sq.cm), and DT is the thermal 

diffusion coefficient of the sltb.4 !-ate, I, is the thermal diffusion length, Cp is the 

heat capacity, p is the densit!. :,lid R is the reflectivity (21). The above equation 

is the analytical solution to :I one dimensional heat conduction problem that 

assumes temperature indepenclt.11 t thermal conductivity and specific heat proper- 

ties. A laser pulse incident on :) qurface will induce a temperature rise which will 

reach a peak and then drop. The maximum tempera t~~re  will therefore he 

achieved with approximately half the laser pulse. A ploi of temperature :v. : I  

function of depth and time after half the pulse on Gap is shown in Fig.50. A 

similar plot for GaAs showed an ;~lmost identical profile except for the maximum 

temperature and the duration. The maximum temperature rise from a laser pulse 



Figure 50. Plot of temperature rise for a single 1-r pulse on a GaP substrate at 

500°C. 



of 0.11 ~ / c m ~  in Gap was about 1150K and in GaAs about 1230K. The model 

also predicts that significant temperature rise occurs in Gap to a depth of under 

0.1 pm, whereas in GaAs, this value is slightly over 0.1 *m. It should be noted 

that all the laser energy incident into the deposition reactor was assumed to 

reach the substrate surface, hence neglecting any absorption by the precursor 

gases. Moreover, any cooling effect of the gases in the reactor was also neglected. 

Both these factors (further disrussed in section 4.9) will lower the maximum tem- 

perature predicted by this mod~l .  

For compound semiconductors, the ductile-to-brittle transition occurs 

around 213 of Tm, where TIVI i~ the melting point in degree kelvin (57). A tem- 

perature rise of 1200'~ on thr surface is more than the transition temperature of 

both Gap and GaAs, hence some plastic deformation is likely to occur. The 

amount of deformation depe~dq on the duration of the high temperature. Growth 

of Gap per pulse is about O . l t J A ,  and hence the effects due to plastic deformation 

extends through the grown layer :IS predicted by the above model. Plastic defor- 

mation is a phenomena thal rt*sults in generation and movement of line and 

planar defects in materials. Tlrf* movement of the line defects (i.e., dislocations) 

is controlled by the temperaturf* a ~ t d  stress level. It is empirically known that the 

velocity v of a dislocation of ntiy type in a semiconductor is, in general, well 

described by the expression n l~ich is a function of stress t and temperature T: 

where v,, m are constants, Q is the activation energy and k is the Boltzman con- 

stant (58). For Gap and GaAs, 



 e ah = v,(~,) ' .~ex~(- 1.51 k ~ )  (4 2 4 )  

r is the effective stress needed to move dislocations against intrinsic resistance of 

the crystal lattice (58). For Gap and GaAs, 7 is approximately the same for tem- 

peratures around 1000K. Under such conditioqthe above two equations can be 

written as 

It is evident from eq.4.25 thaf. for the temperature range considered, dislocation 

velocity is much greater in %As than in Gap. In otherwords, for a particular 

rise in substrate temperature, (;:jP deforms less plastically than GaAs and this is 

expected to introduce different degrees of cyclic stress in thin films GaPIGaAs 

than in GaPJGaP. Also the tlf,rormation-induced stress in the epitaxial films is 

very likely to produce parti:~l tlislocations which are probably responsible for 

large densities of stacking b l l t s  and twins. If the dislocation velocities were 

known, the above model can I f f *  used to calculate the temperature and duration, 

hence estimate the distance prOp:~gated by dislocations. 

During the heteroepitaxi:ll growth of Gap, there are a t  least two sources of 

defects a t  the epi/substrate irjcc.rface. First, there is a 4% lattice mismatch which 

gives rise to line and planar ~l(~fects .  Irlo.ct dofort.: n r o  nrrnrnmodnt~d p t  ~1~~~ 

heterojunction interface. The sec.j~ld source of defects originate due to init i : )  1 

composition inhomogenieties during the nucleation stage. These could lead to 

atomic deposition errors resulting in a high density of planar defects (i.e. twins) 

a t  the interface. Thus a highly defective region consisting of microtwins and 



dislocations is formed near the interface during the initial stages of heteroepitax- 

ial growth. These microtwins are believed to be sustained and grown in response 

to the thermal mismatch induced stress and differential plastic deformation- 

induced stresses due to the pulsing laser within the crystal matrix. In comparison, 

propagation of microtwins was not observed in homoepitaxial Gap films. 

4.8.4 SUMMARY 

The crystalline defects in homo- and heteroepitaxy of Gap were examined 

using XTEM. The dominant defects in homoepitaxial growth are stacking faults 

compared to twins in heteroepit~xy. It is interesting to note that although laser - 

assisted epitaxy is believed to be a low temperature process, its thermal contribu- 

tion appears to play an import.ant role in inducing partial dislocations and propa- 

gation of planar defects. 



4,s FORMATION OF PERIODIC STRUCTURES DURING 

EXClMER LASER-INDUCED HETEROEPITAXY 

4.9.1 INTRODUCTION 

It has been observed that as a result of exposure to laser radiation under 

certain conditions, periodic structures or ripples are formed on surfaces of metals 

(59-61), dielectrics (62), and semiconductors (63-67). The origin of these struc- 

tures has been explained as interference between the incident laser light and scat- 

tered or stimulated wave at  the surface (63,67-69). Other possible mechanisms 

proposed include generation of capillary waves (70) and standing surface acoustic 

waves (65). In all cases, the direction of the periodic pattern has been dependent 

on the polarization of the electric field of the incident beam. 

During photochemical deposition, periodic structures have been reported 

almost exclusively on metallir. films (25,71-73) where the most frequently used 

ultraviolet (W) sources emplojt~d have been doubled (257nm) argon ion lasers. 

The origin of ripple s t ructur~ ill these films has been attributed to the interfer- 

ence of the incident UV field : ~ d  the surface plasma wave (25). The intensity 

variation due to this interfercwre modulates the film growth which in turn 

exponentially enhances the s(*nf,tering of the incident field into surface-plasma 

wave. A modulated surface photon flux on the surface enhances adsorbed layer 

photodissociation of precursor ga.3es leading to a rnor l l l la t~d  film gronth .  HWY- 

ever, if gas phase dissociation is dominant, the film growth will tend to be mi- 

form over the substrate. Thus i n  a photochemical reaction, the appearance of 

ripples was found to be a signature of the a,dsorbed laver dissociation of the pre- 

cursor molecu1es (25). 



. In the investigation of excimer laser induced heteroepitaxy of Gap on GaAs, 

ripple pattern under certain growth conditions were examined. This is interest- 

ing, since inspite of minimally polarized output of our excimer isser, a well 

defined periodic etructure was obtained on the Gap film. The crystalline proper- 

ties and the composition of these structures were examined. These results are 

presented below. 

4.9.2 DISCUSSION 

The ripple pattern observed on the focused spot (2mm X 7mm) where lpm 

thick Gap films were grown on (100) GaAs substrates is shown in Fig.51. The 

periodic pattern was uniforxll and in the same direction over most of this area. 

Towards the outer edge, the ripples had poor spatial coherence and frequently 

sub-divided. This feature is illustrated in Fig.52, which is a plan-view TEM 

micrograph. The spacing of t.l~e peridic structure was about 186nm, which is 

slightly less than the laser wn t*(.length (193nm). However, this is reasonably con- 

sistent with the fringe spacing h e  to interference between incident and scattered 

wave given by h/(l+sinO), wlwre A is the wavelength and 0 is the angle meas- 

ured from the normal to thr qttrface (68). The direction of these ripples was 

found to be dependent only on the orientation of the laser beam. Also no change 

in the direction of the ripplr*q was observed when GaAs substrates with (loo), 
(111) or (211) orientations wrr-r used. The indep~nd~nre nf f he ripple d i r ~ c t i o n  

with respect to the substrate crystalline orientation is not consistent with v- 11:) 

McCrary et al (74) ha-ve observed using excimer laser assisted organometallic 

vapor phase epitaxy (OMVPE) of GaAs. They explained the origin of the 

periodic structure based on the presence of microcrystalline defects oriented along 

a particular lattice direction on starting GaAs substrate surface. At the outer 
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Figure 51. SEM micrograph of periodic ripple structures on epitaxial GaP grown

on (100) GaAs.

Figure 52: Plan-view TEM micrograph of GaP showing poor spatial coherence of

the periodic structure.



most edge of the deposit, two sets of ripples, orthogonal to each other were seen 

(Fig.53). They had the same period as the standard ripples observed close to the 

center of the deposit. 

Ripple formation was dependent on the laser energy density a t  a particular 

total pressure and the GaAs substrate temperature. At low energy density 

(0.07J/sq.cm), the growth was polycrystalline, hence no ripple pattern was 

observed probably due to the grainy ( 400 nm particles) nature of the film. At 

medium energy density (0.11 J/sq.cm), a periodic pattern was observed as shown 

in Fig. 51. At higher energy drllsity ( > 0.14 J/sq.cm) there was no film growth. 

In the case of homoepitaxial films (grown under identical conditions to heteroepi- 

taxy) only a very faint presrnce of ripples was found over a narrow range of 

deposition parameters. The re:mon for this is discussed in the following sections. 

The orientation of the l it lr\nr periodic structures reported in the literature 

have been found to be perpenflif-t~lar to the electric field of the laser beam. This 

has been found to be true in h melting-induced (68) and photolytically depo- 

sited films (25). Since the d q p e  of polarization of excimer lasers is poor, the 

laser output from the excimer l:lgrr was examined in the following manner. The 

ArF laser beam was first paswrl through a pin hole and then through a single 

crystal calcite prism (perpend i f q ~ r  lar to z-axis) which was rotated. The image(s) of 

the pin hole was projected O ~ I  a fluorescent screen. The pin-hole was scanned 

over the cross-sectional profile ~f ihe laser beam. 11 1 v : ~ ~ :  folirld t Ila t t h ~  1 2 ~ ~ 1  t - ~ ~ i  

put was nominally unpolarized. The beam was estimated to be about 15% polar- 

ized, which was a result of an in~.ernal beam splitter tha t  provided feedback for 

the laser power lock. This was interesting since all the periodic structure 

reported in literature have been related to a strong polarization effect of the laser 
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Figure 53. SEM micrograph snowing the jagged ripple structure observed at the

outer edge of the deposited.

Figure 54. SEM micrograph of the faint periodic structure formed on bare GaAs.



output. 

The incident  photo^ energy of the laser (193nm) is larger than the band 

gaps of both the substrates that were wed, hence this should result in a tempera- 

ture rise and also in creation of electron-hole pairs. Thermal contribution from 

an ArF excimer laser incident on Gap and GaAs substrates is examined first. 

The analytical solution (eqn 4.20) to a one dimensional heat conduction 

problem that assumes temperature independent thermal conductivity and specific 

heat properties was used for temperature calculations (21). A plot of tempera- 

ture as a function of depth and power density after half the pulse on GaAs is 

shown in Fig.54. A similar plot for Gap showed an almost identical profile except 

for the maximum temperaillre. The maximum temperature rise from a laser 

pulse of 0.11 ~ /c rn*  (typical cmergy density used during growth) in Gap was 

about 1150K and in GaAs ol)out 1230K. The model also predicts that a 

significant temperature rise ort-llrs in GaP to a depth of under 0.1 Fm, whereas 

in GaAs, this value is slightly ( w r  0.1 K r n  

The second consequence of i.he W laser incident on the substrate surface is 

creation of electron-hole pairs. In the present case, it is assumed that a dense 

plasma is created for very sllol-t duration and a depth of about 100A, which 

makes the substrate behave opfically like a metal (69). This leads to surface 

polariton waves (SPW) prop:rc:lling along the interfaces. Therefore, there are two 

possible sources for the formation of periodic s ~ ~ I I c ~ ~ u I . - .  The first. is the high c l l l .  

strate temperature for melting and regrowth and the second is the interference 

between the  incideut, laser and SPMr. Both these cases are considered below. 

In order to determine the thermal contribution in the present case, both 

GaAs and Gap substrates were irradiated with 193nrn laser light (0 .11~/cm~)  at 



a substrate temperature of 5UOFC7 snd only tt, in the reactor. The total pressure 

in the reactor wm tbe saw ss cluring deposition. After exposure to the laser, 

these samples were examined with a scanning electron microscope (SEM). The 

Gap substrata did not show any significant change, whereas the GaAs substrate 

showed faint periodic structures with spacings between 140nm to 19Onm (Fig.55). 

The presence of ripples was surprising since the laser output, as discussed above, 

was nominally unpolarized. The direction of the periodic structures obtained 

without the precursor gases was the same as those on the deposited films. Under 

the operating condition (O.Il~/cm*), maximum temperatures predicted for Gap 

and GaAs are about 0.66 T, and 0.81 T, respectively, where T, is the melting 

point in K. Since the temperature rise on GaAs is closer to i t s  melting point 

than that on Gap, it is expecft:rl that localized fluctuations in the thermal profile 

could lead to temperatures claw to the melting threshold in the former substrate. 

Interference between a surfac*(~ :wd normally incident wave results in a standing 

wave pattern a t  the surface w i l h  the same wavelength. This mechanism most 

likely produced the periodic st rltctures on the GaAs substrate. 

During the photochemical-nssisted film growth, gas phase dissociation plays 

an important role. This m e c h  I! ism is expected to be quite significant in the pro- 

cess, since TMG absorbs strorlgly in the gas phase at  193nm (36). Though the 

absorption cross-section of TUI' is not available, from mass-spectroscopic studies, 

the presence of atomic phospllorous d u r i n ~  laser irr :I&:> f ion was d ~ t v n l  i i \ ~ ~ ~ l  

Thus, contribution to  growth from gas phase dissociation is likely to be present 

during the growth runs. Therefore, one possible mechanism for formation of rip- 

ples on the epitaxial films in 6te present case is as follows. The interaction of the 

laser radiation with the GaAs substrate leads to faint ripple formation on its sur- 





face during the nucleation stage of Gap. When the growth occurs, the grating- 

like behavior of tbe modified surface will promote interference between incident 

and scattered laser radiation. This intensity profile will influence gas phase disso- 

ciation near the substrate and surface reactions, namely decomposition (both 

photolytic and thermal) and the mobility of the adsorbed species. With modu- 

lated initial growth of Gap, a positive feedback results that leads to a strong 

periodic structure. Thereforth, thermal contribution from the excimer 1mer 

apparently plays an importan1 role in the formation of ripples. This is consistent 

with the observation of the ripples during homoepitaxial growth of GaAs with a 

XeCl laser where the origin of periodic structures has been attributed to localized 

pyrolysis of adsorbed TMG and interference maximum of the light (37). It 

should be noted that in the present case, weak periodic structures were also 

obtained on homoepitaxial Go 1'. The orientation and spacing of the ripples was 

the same as heteroepitaxy. 11 iq believed that this is due to a relatively higher 

melting point of Gap compated lo the maximum temperature induced by the 

laser on its surface, and hence, ~~\ iu imal  initial substrate modification due to melt- 

ing. The origin of the cross p:j~lcm observed at the perimeter of the laser spot 

(Fig. 53) cannot be explaiued :)I this time. Similar patterns have been observed 

during laser melting and hsr*rs been attributed to surface tension (70). In the 

experiments, these structures wclre seen near the perimeter of the focused laser 

beam where the temperature rise was minim2 l ( t l l r c ,  1 t t  1 - . ~ . I 1 1 f - ~ ~ d  l a s ~ r  in t o~iv 

compared to the center of the focussed spot. Therefore. it is less likely to he. 

caused by melting and may be related to the nature of the electrical fields near 

the outer edge of the laser beam. 

Another factor that has to take into consideration is the effect of 3- 



d.imensional nucleation during betleroepitaxial growth (56). During the nucleation 

phase the film will consist of fine particles before they coalesce into a continuous 

film. At this stage the 3-D nuclei can act as dipole scatterem. Interference result- 

ing from the field setup by thwe structures and the incoming laser radiation can 

lend to the formation of ripples during the early stages of film growth which 

would provide positive feedback for subsequent growth. 

The mechanism that has been proposed to explain the ripple structure in 

metallic films deposited using W photons is, as mentioned earlier, due to 

interference between the laser and SPW. However, this mechanism does not 

explain why only very weak pcriodic structures were observed on Gap substrates 

altbvugh the material proper1ic.c of Gap and GaAs are similar a t  the operating 

wavelength of the laser. 

4.9.8 CROSS-SECTIONAL TIi: h l  ANALYSIS OF RIPPLES 

Cross-sectional TEM (X'l'lZh l)  analysis of GaP1GaA.s interfaces were carried 

out to determine if the r ipplv  ructures propagated through the film thickness 

from the interface or it was i~~~~ a surface phenomena. Referring to Fig.45, the 

cross-section was along 'BB'. 11 Cypical XTEM of the heterointerface is shown in 

Fig.56a. The interface region fsrprrsists of a high density of defects, many of which 

originate from the 4% lattict. ~uismatch. In the cross-sectional profile, it can be 

seen that the ripples originact) :lt the intcrf2.o nn.1 1-r-1rncnto.l t h r o ~ l ~ h  t l ~ r  filnl 

thickness. The boundaries of t h ~  ripples are defined l y -  the oblique dislocat.iwl 

structures. These dislocations originate at regionc of opt.ical interference minima. 

It is interesting to note that  these dislocations are oblique with reference to the 

interface because the angle of i~cidence of the incoming laser beam was deli- 
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(a)

J .~ ~ ~
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(b)

Figure 56. Cross-sectional TEM micrograph of the ripple structures showing (a)

the dislocations as indicated by the arrows and (b) the voids formed at the ripple

interface in the extreme cases.



berately tilted during growth. An extreme case of the inter-ripple defects is the 

presence of voids shown in Fig.56b. 

4.9.8 PLAN-VIEW TEM ANALY SId 

Plan-view TEM of the pc-riodic surface gave extensive information about the 

crystallinity of the ripple itself. A typical bright field image of the periodic struc- 

ture is shown in Fig.57a. It can be seen that there are regions (upper right hand 

corner) where the ripples are not well defined. The origin of this perturbed 

region can not be accounted for at this time. The (1001 diffraction patterns from 

the rippled region and the peturbed region are shown in Figs.57b and 57c,  

respectively. The diffraction patterns from both the regions show identical cry- 

stalline orientation. However ( It(. pattern from the rippled region showed a strong 

streaking of the diffracted and t~ ansmitted spots along [OOI], exactly a t  90° to the 

direction of the ripples. 

Bright-field and dark-fieM images of the ripples at  higher magnification are 

shown in Figs.58a & 58b, rwi)(%rlively. The dark-field image was obtained by 

including just the streak fro111 llle transmitted spot a3 shown in Fig.57b. The 

region in between the ripples ~lrowed weak diffraction contrast. A close examina- 

tion of these regions revealfttl (.lie presence of a fine structure of spacing varying 

from 20A to lOOA in a dirc~(-I ion normal to the ripple. Since the inter-ripple 

regions were very thin compared to the rpst of t h o  I r o n .  in bright field. thr.1- 

transmitted more electrons, while in the dark field th.1- ~hox-ed poor diffracfic.11 

contrast. When microdiffract,ion was attempted with a spot size of 100A, there 

was again spot streaking effect at. about 50A from thp interface (Fig.59). No 

other change iu the diffraction pattern was observed. Because of the large spot 
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(a)

(b) (c)

Figure 57. (a) Plan-view TEM of the ripples along (100] zone axis and electron

diffraction patterns from the (b) rippled and (c) perturbed regions.
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. .

- - .
. .

" .



120

(a)

0.05 J.Lm

(b)

Figure 58. (a) Bright field and (b) dark field TEM image of the ripple obtained

using a part of the transmitted spot streak.



size, it was difficult to establish its precise location. The inter-ripple and region 

very close to the ripple contributed to the spot streaking. This probably meant 

that the spot streaking was due to some compositional variation of the Gap film 

near the ripples or at  the int,ct--ripple region, that introduced a change in lattice 

parameter. A positive feedbark in the coupling of the incoming photons with 

scattered wave from the ripples would lead to periodic heating of the surface, 

hence a change in composition. It is pertinent to note that the phase diagram of 

Ga-P system shows the presence of a single phase over a wide composition range. 

Energy dispersive X-ray (EDX) microchemical analysis across the ripples was 

conducted with a 30A probt.. rig.60 is an example of the variation of gallium and 

phosphorous along the direc( ion normal to the ripple. Little variation in the 

composition was observed alulq tohe direction parallel to the ripple. This is prob- 

ably due to periodic tempera1 c lr t*  profiles which led to preferential vaporization of 

phosphorous to gallium along tJrf1 hot zones created by the interference maxima, 

along the center of the ripple. l'llese results, in addition to microdiffraction data 

suggest that the diffraction sltt)l streaking is due to a variation in composition 

along the direction normal to 1 llr ripple. Fraunhofer diffraction of the electron 

beam due to the grating-likr shucture of the ripple pattern is not considered to 

be the reason for the spot s(.tcvnking because of the very small wavelength of the 

electrons A (0.027 A) comparr~tl 1.0 the grating period (1890 A). 

Stacking faults were fotctld to lie along / 1 1 0  -1.: -;l~f\n.ll i n  Fig.61. ' 1 - 1 1 .  

defects are not likely to be responf:ihle for streaking of thp diffraction spots along 

[OlO] since they occured along t x o  (110] dir~c*tions. In some regions the, ripples 

were found to be attached by a dislocated interface. 
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(a)

(b)

Figure 59. Microdiffraction from (a) close to the edge of the ripple a.nd (b) from

the center of the ripple.
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Figure 61. TEM micrograph showing planar defects across ripples.



4.9.4 SUMMARY 

We have examined the ripple structure obtained during excimer (ArF) laser 

assisted OMVPE of Gap on GaAs and Gap substrates. The strong periodic 

structure observed on GaAs is believed to be due to the initial melting of the 

substrate during film growth. Microanalysis show variation in composition in the 

ripple structure resulting from the thermal variation caused by the optical 

interference during growth. 



4.10 EXCIMER LASER-INDUCED HEATING: 

IN-SITU ELECTRICAL CONDUCTMTY MEASUREMENTS 

In a pulsed ultra-violet laser induced chemical vapor deposition process, 

under normal laser incidence, part of the input photon flux is absorbed in the gas 

phase. The amount of energy absorbed depends on various operating parameters 

like the absorption coefficient of the reactant gases a t  the particular lsser 

wavelength, concentration of the gases, reactor pressure and the optical path 

length. The flux that reaches the substrate induces electron-hole pair generation. 

As discussed in section 2.5.1, t l l r  W radiation is absorbed by the electronic exci- 

tations and the energy is trar~sferred to lattice resulting in a temperature rise. 

Yoffa proposed a laser-annealing model (75) in which the phonon emission rate 

19 -3 was calculated to be = lo-'* R P ~ .  at carrier densities of = 10 crn realized in a 

'standard' pulse of 10 nsee durn1 ion. 

Since the heating occurs rlvpr a very short time as shown in section 4.7.3, it 

is not expected to influence l i w  gas phase pyrolysis nature of the process. How- 

ever, extreme heat input, i h c ~ g h  for a short time, can influence the adatom 

mobility and adsorbed layer ~wrolysis, thus changing the growth rate and the 

crystallinity of the deposit. 1 1 1  nddition to the momentary heating of the sub- 

strate, there is also an average temperat,urr r iw ~ v l ~ i ~ . l ,  (Iplb-nds on t h e  I 1 - #  1 

power and repetition rate. In order to in~estigat~e t h e  ax-erage heating effect due 

to a pulsed ArF excimer laser in a semiconductor (Gap), an experiment was 

designed to measure this by studying the electrical conductivity of the substrate 

under different operating conditions. These results are discused below. 
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Electical conductance measurements were performed on an-type S-doped

(100) GaP using a simple circuit as shown in Fig.62. Ohmic contacts were made

to the n-GaP substrate by evaporating Au-12%Ge alloys and rapid thermal

annealing at 450C for 60 sec. Lead wires were attached to the ohmic contact

pads using heat setting silver epoxy. Electrical connections to the sample inside

the cell was achieved using a vacuum electrical feedthrough. A constant bias vol-

tage of 0.5V was used for most of the experiments. Voltages across the sample

and the resistor were continuously monitored every 0.2 see using an IBM compa-

tible computer. The total collection time was varied depending on the experi-

ment. Experiments were also ("rI.rriedout under zero bias conditions which will be

discussed.

4.10.2 RESULTS AND DISCURRJON

4.10.2.1 MEASUREMENTS IN Vr\CUUM

Initial experiments wer£" !'IHried out to measure the change in voltage drop

across the load resistor for sfngl" laser pulses incident on the GaP substrate held

in vacuum at room ~mperaJ\Il!' A plot of voltage across a constant load resistor

as a function of time for thref' different pulse energies is shown in Fig.63. A sharp

increase in voltage drop across the load indicates a drop in sample conductance.

Also there was a non-linear itlcrease in the peak height with laser energy. The

decay time B.l'Jsociated with the voltage change W:1': in Ih" order of tl;:'l1: "~I

seconds. The initial conductance value of the sample was restored after about 20

minutes. If the increase in sample condudance were due to presence of photo-

generated carriers, the decay 'Nould be much faster, of the order of nano- to

microsecond. However, if the conductance cha.nge is due to heating of the sample,



Figure 62. Schematic of the electrical conductance measurement set-UD. 





then the decay would be slow and consistent with the observed results. 

In order to determine the sa~nple conductance as a function of temperature, 

the substrate was heated inside the reactor and equilibriated at  different tempera- 

tures and the conductance was recorded. A plot of sample conductance ss a 

function of temperature is shown in Fig.64, which shows a maximum st about 

170C. The observed conductance behavior was further examined by doing Hall 

mobility measurements at  different temperatures. The electron mobility 

decreased with increasing temperature while the carrier concentration increased. 

Semiconductor electrical conductivity (o) can be expressed as 

where q is the electronic chnqe ,  n & p are the electron and hole concentration 

respectively and pi are their rorresponding carrier mobilities. For n >  > p  (n- 

doped) samples, the above eqrint ion reduces to 

Going back to the observed conductivity behavior, below 170C, the carrier con- 

centration increase was the do~~iinant  factor while above this temperature the 

mobility drop dominated the ronductance of the semiconductor. 

Laser CVD process reqr~irrq the laser be operated at  high pulse rates (20-50 

Hz) in order to achieve high dqbosition rates. This necessiated conductivity meas- 

urements at  different frequr*t~(*ies to det,errnin e t h ~  n l - - i  n rrc 1 3 0 3 t  ing h~lln\-int 

results obtained for a laser energy a t  different pulse rates is shown in Fig.65. TIF 

substrate was maintained at room temperature. Af any laser frequency, the con- 

ductance increased and reached a steady state, and this steady state value 

changed with laser pulse rate for a particular energy. For frequencies 2 4 0  Hz, 
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the conductance increased, reached a peak before dropping to a steady state 

value. This behavior can be explained based on the change in conductance with 

temperature as shown in Fig.64. The average temperature rise due to continuous 

pulsing of the laser was obtained using Figs.64 & 65 with Fig.66 aa the reference. 

This temperature is plotted as a function of laser pulse rate in Fig.65 and the 

importance of the laser pulsing rate in heating of the irradiated sample is quite 

obvious from this figure. This result is particularly interesting considering the 

fact that all the numerical and analytical pulsed laser heating models predict 

negligible or no temperature rine for periods more than second after the 

laser pulse where as even for frequencies as low ss 5 Hz, an average temperature 

rise was found. 

It is evident that the se~i~icorlductor can be heated to a temperature as high 

as 250°C under steady stale in vacuum despite the short duration of the laser 

pulse (15 nsec). The large i11(-1-(*ase in temperature for pulsing lasers is expected 

to be due to cumula t ive  hv:! ill g effect. 

The substrate was hea,(8csd to 160°C and experiments were conducted a t  

different frequencies for the sn 111r pulse energy used for Fig.65. The conductivity 

of the semiconductor dropped, 1-onsistent with the decreasing conductivity above 

170°C (Fig.67). However, the lime taken to reach the steady state was much 

larger than that taken with t1l.t s~lbstrate at room temperature. 

4.10.2.2 EFFECT OF GAS COOLING 

It  is fairly clear that there is a temperature rise with laser irradiation but 

this does not induce a CVD reaction since the above experiments were conducted 

in vacuum. So experiments were performed to study the heating behavior in the 





LASER REPETITION RATE (Hz) 

Figure 66. Plot of average temperature rise vs. laser pulse rate. 
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presence of various gases. In the first set of experiments, after the conductance 

reached steady state, the laser was turned off and the sample was allowed to cool 

under two conditions; in vacuum and in the presence of flowing HP. The results 

are shown in Fig.68. It is clear that hydrogen cooling is much faster than the 

radiative cooling under vacuum. 

The effect of He cooling at  different reactor pressures was investigated as it 

was relevant to our investigation (refer chapter 4.5.3). Helium was flowed a t  

different rates to achieve desircd pressure before the lsser was turned on. For 

constant laser energy and pulse rate, different ateady state conductance values 

were achieved (Fig.69). 11, is evident that conductive cooling becomes a 

significant factor even for very low reactor pressure. However, for higher pres- 

sures the change in the cooli~le behavior is not very significant. 

4.10.2.1 COMPARISON BETH'IqISN H e  AND H2 COOLING 

Helium is transparent to l!)Rnm while H2 is known to absorb weakly at  this 

wavelength (77). More importnrrtly, H2 is a better thermal conductor than He 

(thermal conductivity differctr r s v ,  (~~=86xl0-~~al/(sec)(cm~)(~~/cm))) which 

means that cooling effect due t,o H2 should be more efficient than that by He. In 

order to investigate this, two wperiments were performed in which same amount 

of the gases were flowed will\ the laser operating a t  a particular energy (30 mJ) 

and pulse rate (40 Hz). In case of He. (Fig.70). f1i.r~ v. ,~. ;  :\ q l ~ i l ~ . ~ )  rise in 4 1 1 . -  G . l ~  

ductance followed by a steady state. However. for H,, the  initial rise was about 

half the value reached in the presence of He. Also it was followed by a second 

region that showed a constant increase in conductance. If the thermal conduc- 

tivity difference is the only factor, then H, (case) should have shown a behavior 



Figure 68. Effect of hydrogen cooling on Gap conductance. 
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similar to that observed for He. Presently i t  is  not clear why the conductance 

behavior is different in the presence of F12. 

4.10.2.4 EFFECT OF TBP AND TMG (GASES THAT ABSORB 198nm 

STRONGLY) 

Experiments were conducled for three different gas flows that were typical in 

the W E  process used for growing Gap. All the experiments were conducted at  

room temperature. The results are shown in Fig.71 and the gas flows are indi- 

cated below. 

1. H,: 327sccm (manifold) + 1OOsccm (window) 

2. H2: 303 sccm (manifold) -1- 100sccm (window) 

H, bubbled through TBJ'(5"C): 24sccm 

3. H,: 300 sccm (manifold) I 100sccm (window) 

H, bubbled through TBI't 7°C): 24sccm 

H2 bubbled through ThK (-15OC): 3sccm 

Condition 3 is the gas l l f w  used in a typical growth experiment. With 

either TBP or TMG+TBP, I I I ~ .  wcondary region showing an increase in conduc- 

tance with time was absenb. 'I'hlG is known to absorb at  193nm very strongly 

and TBP also absorbs at  this n:welength resulting in photo-dissociation. It is pos- 

sible that a decrease in photfw flux in the presence of tho prpcursor gases hns 

resulted in a decrease in substrate heating and it i 3  ~ ~ ~ - . i s i l ~ l ~ ~  f h a t  this t e ( . l r ~ ~ i ~ l ~ ~  . 

if properly used can give insights into the relath-e absorption characteristics of 

different metallorgan ir gases. 





4.10.8 SUMMARY 

1. In the absence of any gases, appreciable heating (= 250°C) could be seen 

durj.ng the pulsed laser irradiation. 

2. Very low quantity of gases seem to cool the substrate substantially during 

pulsed laser-semiconductor interaction. This suggests that average tempera- 

ture rise is not an important factor in the temperature calculations used in 

the present investigation. The cooling effect saturates after a particular 

pressure is reached. 

3. Cooling behavior of H2 is different from that of He. 

4. Conductance change be11:lrior in the presence of gases (TMG) that strongly 

absorb at 193nm is defic~il (.ly different from t.hose that do not absorb stongly 

(HJ. 

4.10.4 CONDUCTANCE MEA SlJ  ILEMENT AT ZERO BIAS 

All the experiments descr i lv. t l  in the previous section were conducted with a 

constant bias of 0.5V. In this scvction, the results obtained for zero external bias 

are presented. The voltage dtop  3cross the sample was monitored at  room tem- 

perature in an initially evacuat.rtl rhamber. 

As the laser was turned fw t.here was a sharp increase in the voltage drop 

across the sample (region I1 ill 17ig.72). When 100 sccm of helium was introduced 

through the manifold, there was a rnoment,2r\- d r . o r b  i r t  r I r -  1 c t l ~  :,cr .Irol. t ~ . f t x ~  1 1  

recovered to reach a steady state value (region 1111. \!-bf.n the He was turned o t l .  

the voltage increased back to t6;) value corresponding t30 region 11. When the 

laser was turned off, the volta.gc dropped back to zero and the response was very 

fast compared to the slow decay times observed in the conductivity 



Figure 72. Effect of helium window purge at zero bias. 
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measurements in the presence of an external bias (Fig.68). 

4.10.4.1 OTHER OBSERVATIONS 

1. When the substrate was heated in the absence of laser irradiation, the vol- 

tage drop across the sample \lTas increasingly negative and linear. 

2. Voltage drop across the sample increased with increasing laser energy den- 

sity (Fig.73). 

3. For a constant power density, voltage drop across the sample increased 

linearly with the frequency of the laser (Fig.74). 

4. With increasing sub st rat,^ temperature, the voltage drop decreased for same 

input energy and frequer~tsy (Fig.75). 

4.10.4.2 POSSIBLE MECHANIShlS FOR VOLTAGE 

GENERATION UNDEIt ZERO BIAS 

SEEBECK EFFECT (78) 

When a heated contact i c  :I pplied to a semiconductor, a non-zero tempera- 

ture gradient is established nil llin the material. This gradient leads to a non- 

symmetrical rearrangement of  majority and minority carriers. A space charge is 

established and consequently :I JI electric field that eventually halts further rear- 

rangement of carriers. It is t l r t .  potential drol. arro.. t l l iq  ropion of non-zero r l n p  

tric field which is measurcrl and ~lternatircl?. referroll f f ~  a s  a thermoel~ctri.  

Seebeck roltage. Such a voltage generation is quite possihle in the above meas- 

urements since the laser beam heats 01113- a part of the semiconductor. Seebeck 

voltage can be estimated from the relation 



(A) h u o n  



(A) ~ U O A  





where k is the Boltzman constantl, NcandN, are density of states of the conduc- 

tion and valence bands. For a semiconductor, 

~ ~ = 4 . 8 3 ~ 1 0 ' ~ ( ~ m , / r n , )  cm-3 

For Gap, ~ , = 5 . 2 ~ 1 0 ' ~ c m - "  

re -3 
From Hall measurements, n = 3x10 cm 

Also since n > > p (n-doped -ample), 

According to the above p~pression, the observed voltage drop corresponds to 

a temperature rise of few tens ol' degrees, whereas the conductivity measurements 

in the presence of an extern~l  bias clearly indicated a much larger change in the 

average temperature. So it iq 11ot clear, if the observed change in voltage is due 

to a Seebeck effect. The otbw possibility is due to generation of a photovoltage. 

This again unlikely because r l f  Ille large time scales involved in the data collec- 

tion (50 msec) process compat.f.fl i.o that of the laser pulse width (15 nsec). 

DEMBER VOLTAGE (76) 

Under W laser irradiatiol~ o n  a substrate which is not biased, a photovoltic 

voltage is induced due to a c l i ~ ~ l c e  in the carrier concent,rat,ion An. This voltage 

is called Dember voltage and is represent rd 1.1- 

where k is the Boltzman constant. T is the temperature in K, q is the charge and 

'b' is the ratio of electron to hole mobility. For Gap, 'b' is about 1.25 and 



VD I ,, from the present experiments is about 1 . 4 6 ~ 1 0 - ~  V. For this voltage, 

10 the carrier concentration change (An) is about 10 which is comparable to the 

carrier concentration due to doping itself. What is expected is a large change in 

the carrier concentration lo1 a duration comparable to the laser pulse width 

(15nsec). However, this effect could not be detected due to the large time scales 

involved in the present experi rnents. 



fi CONCLUSION 

Laser-assisted selective area epitaxial growth of a compound semiconductor 

has been demonstrated using two different processes. Results from these two tech- 

niques are summarized below. 

1. In the argon ion laser-arsisted processing, the growth rate was found to 

change with increasing tl I ic kness of the gaussian shaped deposits. Also, mul- 

tiple scanning of the la..f.r was found to be necessary for obtaining thick 

deposits. This meant a low throughput and in order to achieve large scale 

selective area processing, t l ~  use of excimer laser was examined. 

2. In the excimer laser-assislerl processing crystallinity of Gap and the growth 

rate were found to be er-itif*rllly dependent on the laser power, pulse rate, 

substrate temperature atwl r:!-stem pressure. 

3. Irradiation of ArF laser o ~ d f p  the substrate during growth improved the cry- 

stalline quality of the dc3l)osit to a single crystal and enhanced the growth 

rate by a factor of 6 at  substrate temperatures of 500°C. 

4.  Zinc doping of the deposit during growth r ~ ~ r t J I ~ . f l  ill potlt.ont~a t ir)rl  31 

l ~ ~ ~ c r n - ~ .  C-V analysis yielded a straight line indicating that the junction 

was abrupt. I-V analysis showed the presence of tunneling current both in 

the forward and reverse hi:=. 



5. Transmission electron microscopic analysis of homoepitaxial Gap and 

heteroepitaxial Gap on GaAs showed the presence of a large density of twins 

in the latter. This was attributed to the presence of stress, induced because 

of the differential plastic deformation of Gap layer and GaAs substrate dur- 

ing heteroepitaxy. 

6. Heteroepitaxial Gap on GaAs showed the presence of strong periodic struc- 

tures on the surface despite the poor polarization of the laser beam. The 

periodicity was about the wavelength of the laser photons. However, such 

ripples were not prominant on the homoepitaxial Gap. The presence of rip- 

ples on the heteroepitaxin.1 Gap is attributed to localized periodic melting of 

the GaAs substrate during the initial stages of the growth. Such melting 

was less likely to occur o n  the Gap substrate because of its high melting 

threshold. 

7.  An average temperature riqo as high as 280°C was observed during pulsed 

laser irradiation of Gap i n  vacuum. However, in the presence of gases, the 

average heating was fou~ltl i.o be negligible. This implied that the substrate 

was indeed at  relatively i(rw temperatures during the duration in-between 

pulses. 



6. FUTURE WORK 

Laser-assisted processing of compound semiconductors offered several chal- 

lenges during the course of present investigation. In the argon ion-assisted 

'direct-write' process, the main limitation was the low throughput. However, 

mask projection of patterns is a possibility if an expanded continuous wave UV 

output from an argon ion laser (for example the frequency doubled 247nm) is 

used a.s the photlon source to achieve high throughput selective epitaxy. However, 

the use of a lox power cw UV laser necessitates higher substrate temperatures 

because of low thermal contribution from such sources. Another limitation of 

the argon ion laser-assisted pytolgtic process was the decreasing growth rate with 

increasing thickness of the depo4t. This is particularly significant for small spot 

sizes. However, the proble~n ( > : I I ~  be overcome by increasing the spot size of the 

laser for a particular laser po\v:.r level to achieve an optimum surface tempera- 

ture rise for the pyrolytic procsfsYq to occur. 

Controlling the excimer i : ~ s f . t  -assisted MOVPE was a critical task since there 

were both thermal and photol!-1 i f  contributions from the laser. The present work 

investigated the optimum par:) I I lrt ers required for growth of homoepitaxial Gap. 

In terms of selective epitaxia.1 ct owth, few attempts were made to achieve epitaxy 

of fairly large areas (lmm di:jt!~c:ter) using contact masks. This area is open to 

investigation using more elabo1.3 optical systems and mask sets. 

At the optimum operat i t ~ g  conditions. tBheoret.i(.:l l (*:I l c .r~la  t ions indic-a 1 l 

high temperature rise in both the substrate and the film for very short duration 

by the pulsing laser to a depth of about l ~ m  from the surface. This had pro- 

found implications in the heteroepitaxy of Gap on GaAs. Differences in plastic 
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deformation characteristics of the substrate and the thin film can lead to large 

density of defects in the epitaxial layer. It makes the investigator wonder if the 

process is truely a low temperature process or just a pseudo-low temperature pro- 

cess. The usefulness of the process as a low temperature technique has to be 

tested in the heteroepitaxial growth compound semiconductors on silicon since 

any reduction in the growth temperature can lead to a reduction in stresses 

induced because of thermal expansion coefficient mismatch between the thin film 

and silicon substrate. Also, when the laser is parallel to the substrate, the 

unwanted rapid heating and rooling cycles can be avoided and at  the same time 

use the VV source to photodissociate the precursor gases. This configuration can 

again reduce the growth temperature, however, the spatial selectivity of the pro- 

cess is lost. 

Heteroepitaxial Gap on GR A S  showed ripple-like surface. Periodic structures 

formed during laser assisted epil:~xial growth can be employed for fabrication of 

optoelectronic devices that rquil-e grating structures (e.g. distributed feed-back 

lasers). This could be achieved n ith a modified MOVPE reactor that allows exci- 

mer laser radiation at  the growth region. Whenever periodic structures are 

required, the laser could be ilrr.r~ed on during growth cycle. The periodicity could 

be controlled with proper sfblection of laser wavelength and the angle of 

incidence. 

The average temperaturf. c t f  the  C;aF s ~ ~ h ~ t r n i ~ ~  . I i~ l - i~ ,c  rv~l-d lasw i r ~ ~ ~ ~ l ~  

tion was il~oestigated by monitoring its electrical conductance. The time scale. 

involved in the measurements prc:cluded any observation of the transient effects 

during the laser irradiation itself. Experiments can be designed to study such 

effects. For that purpose, instead of using a GaP substrate, a plysilicon thin 



film (about 500-1000 A which is about the thermal diffusion length) of a particu- 

lar electrical conductivity on a. silicon substrate of opposite conductivity with an 

intermediate silicon oxide layer is suggested. Such a geometry will give the true 

temperature rise during pulsed laser incidence. Caution must be taken to 

prevent any photoablation during laser irradiation. An alternate geometry is to 

use a P or N type silicon substrate with an ion-implanted thin region at/close the 

surface with opposite conductivity. In such a geometry, the oxide layer Which is 

required in the polysilicon struct,ure, can be eliminated. However, there is a pos- 

sibility for dopant redistributiorl during laser annealing. This can pose problems 

in the reproducibility of the elcdrical conductance in the absence of laser irradia- 

tion. 
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