
Lawrence Berkeley National Laboratory
Recent Work

Title
DEVICE QUALITY GROWTH AND CHARACTERIZATION OF (110) GaAs GROWN BY 
MOLECULAR BEAM EPITAXY

Permalink
https://escholarship.org/uc/item/0g41q59g

Author
Parechanian-Allen, L.

Publication Date
1986-11-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0g41q59g
https://escholarship.org
http://www.cdlib.org/


. 1 

1 
.. 

~ 

:·1 

LBL-22564 C'_) 

Preprint ''-\ 

ITl1 Lawrence Berkeley Laboratory 
~ UNIVERSITY OF CALIFORNIA 

Materials & Chemical, 
Sciences Division 

Submitted to Applied Physics Letters 

DEVICE QUALITY GROWTH AND CHARACTERIZATION 

OF (110) GaAs GROWN BY MOLECULAR BEAM EPITAXY 

____ -------._ _ ____ _ ____ ~~ _____ L_ 

( 

L. Parechanian-Allen, E,R. Weber, ' 

r ,-

I.H • 

"""'''-f' 
~\...o'-' .. J , 

~' " I • • ,,-

'iY,\, J 

"~Q S:CnOI! 

J. Washburn, and Y,C. Pao TWO-WEEK LOAN COpy 

November 1986 
This is a Library Circulating Copy 

which may be borrowed for two 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 

Government. While this document is believed to contain correct information, neither the 

United States Government nor any agency thereof, nor the Regents of the University of 

California, nor any of their employees, makes any warranty, express or implied, or 

assumes any legal responsibility for the accuracy, completeness, or usefulness of any 

information, apparatus, product, or process disclosed, or represents that its use would not 

infringe privately owned rights. Reference herein to any specific commercial product, 

process, or service by its trade name, trademark, manufacturer, or otherwise, does not 

necessarily constitute or imply its endorsement, recommendation, or favoring by the 

United States Government or any agency thereof, or the Regents of the University of 

California. The views and opinions of authors expressed herein do not necessarily state or 

reflect those of the United States Government or any agency thereof or the Regents of the 

University of California. 



• 

• 

t . 

1 

DEVICE QUALITY GROWTH AND CHARACTERIZATION OF (110) GaAs 

GROWN BY MOLECULAR BEAM EPITAXY 

L. Parechanian-Allen and E.R. Weber 

Dept. of Materials Science and Mineral Engineering 

University of California at Berkeley, Berkeley, CA 94720 

J. Washburn 

Materials and Molecular Research Division 

Lawrence Berkeley Laboratory 

University of California, Berkeley, CA 94720 

Y.C. Pao 

Varian, Inc., III-V Division, Santa Clara, CA 



2 

DEVICE QUALITY GROWTH AND CHARACTERIZATION OF (110) GaAs 

GROWN BY MOLECULAR BEAM EPITAXY 

L. Parechanian-Allen and E.R. Weber 

Dept. of Materials Science and Mineral Engineering 
University of California at Berkeley, Berkeley, CA 94720 

J. Washburn 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

University of California, Berkeley, CA 94720 

Y.C. Pao 

Varian, Inc., III-V Division, Santa Clara, CA 

ABSTRACT 

Device quality (llO)GaAs has been reproducibly grown by molecular beam 

epi taxy (MBE) for the first tinW!. Angl ing of the substrate to expose 

stable, Ga rich ledges on the (110) surface has been shown to be the 

necessary condition for two dimensional growth. The epitaxial layers 

exhibit a room temperature electron mobil ity of -5700 cm
2
/V-sec for 

NSi -4x10
15 

and a strong exci ton photol uminescence emi ss ion at 4K. 

This breakthrough in MBE growth of III-V compounds allows for fabrica

t i on of (110) GaAs devi ces whi ch wi 11 take advantage of the un ique 

properties of this orientation. 
• 
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IN TRODU CT ION 

GaAs grown by molecular beam epitaxy (MBE) has traditionally been 

oriented in (100) to take advantage of the natural c1 eavage p1 anes 

normal to that crystal face, the smooth morphology of the epitaxial 

surface obtained with a large range of growth parameters, and the 

excell ent devi ce behavi or obtained with that ori entati on [1] . Layers 

of high quality (110) epitaxial GaAs grown by MBE are also of import-

ance for many applications, as they promise increased efficiency of, 

e.g., avalanche devices which depend on ionization impact 

behavior[2] and optical modulators for integrated OPtics[3]. In 

addition, the recent interest of MBE GaAs/Si has made this successful, 

non-pol ar (110) GaAs growth a candi date to el iminate the sheet charge 

resulting from GaAs/Si growth on the polar (100) surface[4,5]. 

Until this work, all published MBE (110) GaAs/GaAs growths have 

shown highly defective surfaces with poor optical and electrical 

device behavior[6-9]. Wood et al. found that the epitaxial behavior 

of the hi ghly faceted (110) face changed from n-type to p-type above a 

growth temperature above 550·C. Wang reported a more comprehensive 

study of (110) GaAs that showed metal droplet formation would cease 

and n-type behavior maintained if high As overpressure was used but 

faceting remained. Our previous study had determined the optimal 

growth parameters of substrate temperature, arsen ic overpressure, and 

growth rate[9] as judged by morphology and optimal electrical and 

optical behavior. 

A careful investi gation of the facet geometry with respect to the 

(110) GaAs crystal surface has shown that they are aligned along [001] 
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with sides composed of (010), (100)., and a back (111) surface. Each 

back plane of the facets was composed of a Ga-rich (111) polar surface 

and a kinetic model of facet formation was developed[10J. This 

examination of facet geometry and initial formation was the key to 

eliminate faceting of the (110) GaAs surface when grown by MBE. This 

paper describes experiments which show that, for the first time, 

repeatably smooth epitaxial layers are obtained when Ga-rich polar 

ledges are introduced on the (110) GaAs substrate. The experiments 

support our theory of initial facet formation. The epitaxial layers 

are examined by variable temperature Hall effect, liquid He photo

luminescence (PL), capacitance-voltage (CV) characteristics of 

Schottky contacts, deep level transient spectroscopy (DLTS), scanning 

electron microscopy (SEM),and transmission electron microscopy (TEM). 

EXPER IMENTAL 

The process for MBE growth of GaAs is described elsewhere [1J, 

Optimal growth parameters for the standard Varian GEN II MBE machine 

equipped with a dual wavelength infrared pyrometer were: substrate 

temperature of 570·e, arsenic overpressure of As/Ga = 15, and a 

preferred growth rate of 1.411 m/hr. The pol ished substrates were 

cleaned in a 4: 1: 1 solution of H
2
0: H

2
0
2

: H
2
S0

4 
before 

pl acing them in the MBE loading chamber wi th In back ing on Mo blocks. 

All growth runs contained a (100) GaAs substrate as a standard, and 

results are compared to that of the (100) epitaxial film. The 

epitaxial layers were doped with Si = 5x10
15

/cm
3 

.• 

Semi-insulating off-axis (110) GaAs substrates were used that were 

oriented 6° toward (100), 6° toward (010), 6· toward (111), and 6° 

, 

• 
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toward (111) as can be seen on the stereographic projection of Figure 

1. The specific orientations were verified by Laue x-ray diffrac

tion. Epitaxial layers of 10oA, 7ooA, and 1500A were grown on each of 

the four angled substrates and surface morphologies are shown in 

Figure 2a-2f. Only one out of the four tilting directions resulted in 

facet free growth. A 1\.1 m film grown on the successful substrate 

orientation reproduceded the excellent surface morphology, confirmed 

with both SEM and TEM investigations. 

Convergent beam electron diffraction in the TEM was used to deter

mine the exact pol arity of the Ga or As ledges introduced on the sub

strate of the faceted epitaxial 1 ayer as described in [l1J, util izing 

the same convention and stereographic projection as this referen_ce. 

By symmetry, the ledge nature of the successful substrate is 

determined. 

Figure 3 shows the variable temperature Hall effect plots for the 

(110) faceted material, (110) non-faceted epitaxial layers and the 

(100) epitaxial standard. In dots alloyed at 420°C for 20 mins in a 

N2 atmosphere provided the ohmic contacts. Doping levels were veri

fi ed by capacitance-voltage experiments. The el ectron traps in these 

layers were characterized by capacitance DLTS, using a double boxcar 

integrator[12]. For the CV and DLTS measurements, Au-Ge ohmic 

contacts annealed at 4SOoC for 40 s and evaporated Au Schottky con

tacts were obtained by lithography techniques. 

Figure 4 shows the PL results for the (110) substrate angled 6° 

towards (111), the (110) epitaxy on the same type of substrate, the 

epitaxy on (110) substrates, and the (100) epitaxy standard. Each 
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epitaxial layer of Figure 4 was grown under the same MBE conditions. 

For these m~asurements, a 5145A wavel ength Ar 1 aser was used at -25mW 

to excite the GaAs crystals held at 4K. 

RESUL TS 

The four substrate orientations of Figure 1 introduce ledges 

approximately every eight atomic layers along the (110) surface. The 

difference lies in the type of ledge introduced. For the substrates 

angled 6° toward the (OlD) and (100), the ledges are nonpol ar ones 

with both Ga and As atoms exposed on the steps. The substrate angl ed 

6° toward (111) exposes polar ledges of all Ga or all As, and the 

substrate angled 6° towards (111) exposes polar ledges opposite in 

. nature, i.e. either all As or all Ga • 
. -- ._-_ .... ~ .. _ ..• --

For the substrate angled 6° toward (010), Figure 2a shows that 

faceting occurs by 100A of epitaxy and the surface continues· to facet 

until the epitaxial layer is replete with faceted sites (Figures 2b, 

2e). Figure 2d shows virtually the same results for the substrate 

angled 6°towards (lOO) at 1500A of epitaxial growth. Figure 2e, also 

a 1500A film, shows that slightly different morphology is obtained for 

the epitaxy of the substrate angled 6° toward (111), but faceting is 

still dominant. There is· a startl ing difference, however, for the 

epitaxial layer grown on the substrate angled 6° toward (111). No 

faceting is observed for the layers up to 1500A thick, as shown by the 

SEM image of Figure 2f. Later films grown on the same type of angled 

substrate showed no faceting by either SEM or TEM for epitaxial layers 

~ hm thick. 

• 
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The careful analysis util izing the convergent beam diffraction 

method[ll] to determine the As or Ga nature of the substrate ledges 

yielding faceted growth shows that the angl ing of the crystal toward 

(n1) (with respect to our standard (nO) stereographic projection) 

yields As rich ledges. This result was confirmed by analysis of the 

substrates yielding facet free epitaxial growth. The ledges of the 

latter are Ga rich in nature. 

The variable temperature Hall effect of the h m(llQ) non-faceted 

epitaxial layer shown in Figure 3 indicate that the carrier concentra

tion as a function of temperature coincided well with the (100) epi

taxy behavior. Nearly identical excellent room temperature mobilities 

of -5700 cm
2

tV-sec are achieved. The carrier mobilities as a func-

tion of temperature are also shown in Figure 3. It is clear that the 

mobil ity of the non-faceted (nO) GaAs is comparable to the (100) 

standard whereas the mobil ity of the faceted (110) epitaxy is reduced 

by -2 orders of magnitude. The characteristic carrier freezeout with 

an activation energy of 145 meV has not been found in the non-faceted 

(110) epitaxial material. Differential analysis of the CV measure

ments showed that the doping behavior as a function of depth for the 

non-faceted epitaxial films is uniform and verifies the carrier 

concentrations shown. DLTS data of the (110) GaAs angled 6° toward 

(111) showed the well known M1, M3, and M5 levels[13] in the 

lQ12_1013 tcm3 range, concentrations well comparable ~ith· the 

-
simultaneously grown (100) GaAs epitaxy. 

The PL results of Figure 4 for the faceted (110) material showed a 

low exciton, neutral acceptor transition (x,AO) peak at 1.512 eVe The 
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dominant neutral carbon acceptor transitions near 1.490 eV indicate a 

lower quality epitaxy. The PL spectra for the (110) substrate angled 

6° toward (llI)Ga showed a weak bound exciton transition peak (x,DO or 

AO) as is expected for semi-insulating GaAs. The epitaxy layer grown 

on the same type of substrate indicated a high qual ity growth as 

exhibited by the dominant neutral donor, bound exci ton transi ti on 

(x,DO) peak at 1.514eV as compared with the small neutral carbon 
\ 

acceptor transition (OO,AO) peak at -1. 490eV. PL of the (100) GaAs 

standard shows comparab 1 e 1 uminescence output to the non-faceted (110) 

GaAs film. These results are indicative of device quality material 

for both the (100) and non-faceted (110) epitaxial films. 

DISCUSS ION 

The introduction of ledges on a substrate surface can provide 

preferred sites for initiation of two dimensional growth which is 

inherent in the MBE process. The above results prove, however, that 

the nature of the ledges is decisive for growth on the non-polar (110) 

surface. The introduction of non-pol ar ledges does not improve the 

surface morphology over that of the perfect (110) surface. When a Ga 

and As pair bond to either the (110) surface or the non-polar ledge 

site to begin to create the next atomic layer, the bonding of the two 

atoms to the surface naturally exposes both types of {1ln pl anes on 

the epi taxi al 1 ayer. With the low sti ck ing coeffi ci ent of As, how

ever, the Ga {Ill} provides the stable growth surface. Facets develop 

from the fast growing (lll)Ga surfaces with sides of (100) and (010) 

that fill in to form the facet shape[lOJ. Thus, the non-polar. 

u 

u 
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ledges obtained when angling the substrate towards either of (100) or 

(010) still allows the exposure of the stable (l~I)Ga facet starting 

points with the random chemisorbing of Ga and As atomic pairs. The 

non-polar nature of the ledges does not ensure atomic layer by layer 

growth of the epitaxial film. Exposure of As rich ledges when angling 

the substrate 6° towards (111)As has no beneficial result due to the 

tendency of the As atoms to desorb and leave behind a non-pol ar ledge 

and surface once again. Only the exposure of Ga rich ledges, obtained 

when angling the substrate 6° toward (llI)Ga allows planar growth to 

proceed. The Ga rich ledges are, therefore, required for facet free 

growth. The incoming As atoms find four Ga atoms in pl ace on the 

ledged (110) surface and tend to chemisorb at that favorable ledge 

to begin the next epitaxial layer. Since ledges are maintained 

throughout the process, two dimens ional growth in iti ates at these 

ledges for each atomic layer. The MBE growth of the (110) surface is 

believed to be ensured by the As chemisorption to the available Ga 

ledges, consistent with the work of Brigans[14]. 

Excellent electronic and optical behavior for the non-faceted 

(110) GaAs are exhibited by the Hall effect and PL data. The hi gh 

electron mobil ity and the expected doping level show that the amount 

of self compensation is small and the material is of device quality. 

The faceted (110) GaAs shows poor electron mobility and strong 

compensation levels resulting in uncontrollable doping levels[9]. 
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The PL spectrum for the non-faceted epitaxial GaAs, when compared with 

the faceted GaAs epitaxy of the same growth conditions, indicate that 

the Si dopant has shifted from predominantly an acceptor site to the 

donor site on the non-faceted material 0 This is supported by the 

shift from a dominant 1.512 eV peak seen in the faceted epitaxial 

material to that of the (x,DO) peak at 1.514 eV of the non-faceted 

epitaxial material. Deep levels from DLTS measurements are consistent 

in type and concentration wi th the traps commonly observed in (100) 

GaAs. 

CONCLUSION 

Device quality GaAs/(llO)GaAs by MBE has been reproducibly grown 

for the first time. Experiments have supported the facet formation 

model that only exposure of Ga rich ledges leads to a two dimensional 

MBE growth resulting in a smooth epitaxial material with excellent 

electrical and optical properties. Only angl ing. the GaAs substrate 

towards the (111) Ga results in the exposure of the Ga 1 edges. The 

crystalline quality of the epitaxial layer is shown by the high 

electron mobility in the (llO)GaAs when compared with the (100) GaAs 

standard, the strong neutral donor, exciton luminescence peak of the 

(110) material, and low deep level concentrations. These results lead 

the way for investigations of device ~abrication as well as funda

mental studies which will take advantage of the unique properties of 

(110) GaAs epitaxial layers. 
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FIGURE CAPT IO NS 

FIGURE 1. The (110) standard cubic stereographic projection showing 

the four angled orientations. (a) is 6° towards (100), (b) 

is 6° towards (010), (c) ;s 6° towards (ll1)As, and position 

(d) is 6° towards (l1I)Ga. The projection is of the same 

sense and polarity as that of [11], and each {Ill} nature is 

referenced. 

FIGURE 2. SEM images (2600X) of the surface morphology of off-axis 

GaAs epitaxial layers obtained from angled substrates 

described ;n Figure 1. 

FIGURE 3. Variable temperature Hall effect for (110) non-faceted (110) 

faceted, and (100) standard GaAs epitaxial material grown by 

MBE. . Free carrier concentration and room temperature 

electron mobilities are shown as a function of temperature. 

FIGURE 4. Liquid He photoluminescence of (100) epilayer standard, 

(110) substrate angled 6° toward (111), (110) faceted 

epilayer, and (110) non-faceted epilayer. 
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