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ABSTRACT 

A new kind of semiconductor composite material is demonstrated with a 
dispersion of semimetallic particles with properties common to high-
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548 MEL LOCH ET AL 

quality single crystals. These materials are arsenides such as GaAs, 
AIGaAs, and InGaAs containing arsenic clusters. The composites are 
formed by incorporating excess arsenic in the semiconductor, which per
cipitates in the anneal. The incorporation of the excess arsenic is 
accomplished by molecular beam epitaxy at low substrate temperatures. 
The cluster density can be controlled with the coarsening annealing. The 
positioning of the clusters can be controlled with heterojunctions and 
doping. These composites exhibit several interesting properties, including 
high-resistivity, appreciable optical absorption below the band gap of the 
semiconductor matrix material, a large electro-optic effect, and very short 
carrier lifetimes. 

INTRODUCTION 
Molecular beam epitaxy (MBE) is a film growth technique where atomic 
or molecular beams are thermally evaporated onto a heated substrate in 
an ultra-high vacuum ( l ). The ultra-high vacuum allows monitoring of the 
growth with techniques such as reflection high-energy electron diffraction 

(RHEED) (2) and desorption mass spectroscopy (3). By far the largest 
application of MBE has been for the growth of III -V materials, especially 
the arsenides. Typical MBE systems have eight ports for effusion furnaces 
for evaporation of source material. Typical group III sources are gallium, 
aluminum, and indium. The dominant group V source is arsenic, although 
antimony and phosphorous sources are not atypical. Arsenic sublimes as 
a tetramer molecule As4• Often the arsenic effusion furnace is equipped 
with a cracking zone that results in dimer molecules of As2• Silicon is 
used for the n-type dopant and beryllium for the p-type dopant almost 
exclusively for III-V MBE. The typical conditions for MBE of high-quality 
GaAs are a substrate temperature of 600°C, an As4-to-Ga beam equivalent 
pressure (bep) ratio of 15-20, and a growth rate of I /lm/h. (The bep is 
measured with an ion gauge in the growth position.) With the Ga effusion 
furnace at a temperature near 900°C to obtain a l/lm/h growth rate, every 
Ga atom that impinges on the substrate at a temperature of 600°C will 
remain and have enough thermal energy to find a lattice site. The arsenic 
molecules, originating from an effusion furnace at a temperature of about 
250°C, will only result in the incorporation of an arsenic atom if there is 
a Ga atom to bond to. Therefore, the MBE of arsenides readily lends itself 
to the growth of highly stoichiometric material. During the last six years 
there has been considerable interest in the MBE of arsenides at lower 
substrate temperatures-as low as 200°C. As described below, this has 
made possible the growth of nonstoichiometric material of high crystal 
quality, which has many interesting and useful properties. 
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One of the first applications of a GaAs epilayer grown at low substrate 
temperatures by MBE was by Murotani et al (4). They were investigating 
the MBE of GaAs on substrates with a temperature range of 400 to 
600°C and found that the material became semi-insulating below a critical 
substrate temperature-which had obvious applications for buffer layers 
for MESFETs-so they placed such a buffer layer under a GaAs power 
metal-semiconductor field-effect transistor (MESFET) (4). This appli
cation received little notice until 1988 when Smith et al (5) investigated 
the use of GaAs grown in the neighborhood of 200°C as a buffer layer 
under a MESFET and found that it completely eliminated the problem of 
sidegating. Melloch et al (6) then showed that state-of-the-art high electron 
mobility transistor (HEMT) material could be grown on top of GaAs 
buffer layers grown at extremely low substrate temperatures (250°C) and 
that such buffer layers might have the beneficial effect of slowing diffusion 
of impurities from the substrate toward the active layers. 

There has been an enormous amount of research since 1988 on the MBE 
of arsenides grown at low substrate temperatures. These materials are 
usually referred to in the literature as (low-temperature) LT-GaAs. The 
adoption of the term L T -GaAs is unfortunate because those not familiar 
with the field obviously assume one is referring to properties of GaAs at 
low temperatures, not to new materials that exhibit new physics with 
exciting electronic and optoelectronic device possibilities. The term L T
GaAs also has been used to refer to a broad range of materials whose only 
thread of commonality is the initial processing step of MBE at low sub
strate temperatures. As-grown materials are highly non stoichiometric with 
the excess arsenic in the form of point defects (7). With sufficient anneal, 
the nature of the material changes completely, with the excess arsenic 
precipitating to form semi-metallic arsenic clusters in a GaAs semi
conductor matrix (8). Therefore, better terminology would be low-tem
perature grown (LTG) GaAs to refer only to the as-grown material, and 
GaAs: As or metal/semiconductor composite to refer to the annealed 
material. 

There have been a number of controversies surrounding L TG-GaAs. 
The initial controversy was concerned with what happened to the excess 
arsenic after anneal. First reports of transmission electron microscopy 
(TEM) of these materials indicated that after anneal the LTG-GaAs epi
layers were devoid of any obvious defects (9). However, it is now known 
that the excess arsenic precipitates during annealing (8, 10-19). Another 
controversy surrounding LTG-GaAs was a report that the material was 
superconducting (20). However, it is believed this report was related to 
the indium used for mounting the substrate during MBE. 

Some controversy still remains about the role of residual defects vs 
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arsenic clusters in controlling the material properties (21 �26). Part of the 
debate is whether the arsenic clusters act as embedded Schottky contacts. 
There is considerable supporting evidence from measurement techniques 
such as transmission electron microscopy (TEM), scanning tunneling 
microscopy (STM), and others that the arsenic clusters are indeed embedded 
Schottky contacts. Transmission electron diffraction clearly indicates the 
crystal structure of the arsenic clusters as hexagonal (8), the semi-metallic 
form for arsenic. STM current-voltage spectroscopy reveals a depletion 
region around the arsenic precipitates in annealed LTG-n-GaAs, indi
cating that the arsenic clusters are acting as buried Schottky barriers (27). 
Obviously, the properties of as-grown material are dominated by point 
defects, but as one anneals, the role of defects (which are disappearing) 
will decrease, whereas the role of the arsenic clusters (which are pre
cipitating) will increase. Another part of the controversy of the role of 
point defects vs arsenic clusters arises because of this gradual transition 
and from drawing global conclusions without investigating a spectrum of 
anneals that take the material from the point-defect-dominated form to 
the two-phase composite form. 

In this article, we describe the fabrication of these materials, review the 
material properties as one transitions from the as-grown point-defect
dominated material to the annealed composite form, and look at many of 
the device applications that these new materials have already enabled. 

ARSENIC CLUSTER ENGINEERING 
Low-Substrate- Temperature Molecular Beam Epitaxy 
In 1 969, Cho (28) investigated MBE of GaAs at room temperature and 
found that the deposited material was amorphous, but that if the layer 
was thin enough, it would turn crystalline with annealing. Murotani et al 
(4) investigated the MBE of GaAs down to a substrate temperature of 
400°C and found that the material remained crystalline and became semi
insulating below a critical temperature. Smith et al (5) investigated the 
MBE of GaAs in the neighborhood of 200°C, finding that it remained 
crystalline and that epilayers suitable for MESFETs could be grown on 
top of these LTG-GaAs epilayers. Eaglesham et al (29) have demonstrated 
epitaxy of GaAs down to substrate temperatures around 140°C. However, 
they found there is a critical thickness beyond which the film turns amorphous. 
This critical thickness is a function of the amount of excess arsenic incor
porated into the epilayer, which is a function of the substrate temperature 
(12, 30); the arsenic species-to-Ga flux ratio (29); and the arsenic species 
(the dimer AS2 or the tetramer As4) used (10). GaAs epilayers as thick as 
1 {tm with 1.5% excess arsenic have been demonstrated (7, 8). Ibbetson et 
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al (31) have determined through their observation of RHEED oscillations 
that even at these low temperatures, MBE of GaAs is a layer-by-Iayer 
process. To observe the RHEED oscillations at these low substrate tem
peratures requires a smooth surface free of excess arsenic. Below 200°C 
the RHEED oscillations are very sensitive to the arsenic-to-Ga-flux 
ratio, the strongest oscillations being obtained under stoichiometric condi
tions. 

The excess arsenic incorporated into GaAs during low-substrate-tem
perature MBE is in the form of point defects, such as arsenic anti sites and 
possibly arsenic interstitials (7), and the epilayer is strained (7, 32, 33). The 
amount of excess arsenic can be controlled with the substrate temperature 
during MBE. The lower the substrate temperature, the greater is the 
amount of excess arsenic that is incorporated (12, 34). The double crystal 
rocking curve for a LTG-GaAs epilayer containing 1.5% excess arsenic is 
shown in Figure I-a perpendicular mismatch of 0.133 % is observed. 
What is remarkable about the rocking curve in Figure I is that although 
the epilayer was grown at a substrate temperature of 225°C and contains 
1.5% excess arsenic, there is a clear presence of Pende1l6sung fringes. The 
Pendell6sung fringes are caused by interference between the X-ray fields 
from the epilayer and the substrate. To observe these fringes, there must 
be a high degree of coherence between the two X-ray fields, indicating a 
high degree of structural quality for the epilayer (35). Most of the strain 
in L TG-GaAs is relaxed with modest anneals, e.g. 600°C for 10 to 30 min 
or 700°C or higher for 30 s or less (7, 32, 33). This strain relaxation is 
accompanied by precipitation of the excess arsenic (8). Figure 2 shows 
TEM images of two samples from a LTG-GaAs epilayer, one that was 
annealed for 30 s at 550°C and one that was annealed for 30 s at 900°C. 
Clearly seen in Figure 2 is a coarsening of the clusters with annealing; the 
sample that was annealed at 550°C for 30 s has a much higher density of 
smaller arsenic clusters than the sample annealed at 900°C for 30 s. This 
coarsening occurs because the two-phase system of the arsenic clusters in 
the GaAs matrix is minimizing its free energy with annealing by reducing 
the interfacial area between the arsenic precipitates and the GaAs matrix
an Ostwald ripening process (36). This process of incorporating excess 
arsenic followed by an anneal also has been used to obtain arsenic pre
cipitates in AIGaAs (12) and InGaAs (17-19) semiconductor matrices. The 
wide range of control that one has over the structure of these composites is 
illustrated in Figure 3, where the average density and diameter of the 
arsenic clusters is shown as a function of temperature for a 30 s anneal for 
four different epilayers. Three of these epilayers are GaAs, one with 0.9% 
excess arsenic, one with 0.7% excess arsenic, and one with 0.3% excess 
arsenic. The fourth epilayer is Alo.2sGao.7sAs containing 0.3% excess 
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Figure 1 Experimental and calculated (004) double-crystal rocking curves for LTG-GaAs 
sample containing 1 .5% excess arsenic. 

arsenic. The amount of the excess arsenic in these epilayers was fixed by 
the substrate temperature during MBE. 

Taking advantage of the strain relaxation that occurs with anneal, 
M elloch et al (I5) have demonstrated a technique to grow arbitrarily 
thick L TG-GaAs layers. After growth of 2 pm of material, the substrate 
temperature was cycled to 600°C and then back to the growth temperature 
of 250°C. With this approach the strain is relaxed before the critical 
thickness is reached and L TG-GaAs with arbitrary thickness can be grown. 

Extrinsic Control of Arsenic Clusters with Doping 

When dopants are incorporated into L TG-GaAs, the arsenic cluster 
coarsening processes can be significantly affected. In MBE, the typical n
type dopant is Si and the typical p-type dopant is Be. For normal substrate 
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Figure 2 TEM images of two samples from the same L TG-GaAs epilayer that were annealed 
at (a) 550°C for 30 s and (b) 900°C for 30 s. 

temperature (600°C) MBE, Si is incorporated as a donor for con
centrations up to low l OIS cm-3. At higher concentrations, a significant 
amount of the Si is incorporated on the arsenic site and the material 
becomes compensated. As the substrate temperature is lowered from 
600°C, the concentration ofSi on donor sites (before compensation occurs) 
increases (37). When very low substrate temperatures are reached during 
MBE, there is uncertainty concerning the site for the incorporation of Si. 
Using localized vibration mode (LVM) spectroscopy, Manasreh et al (38) 
have seen that below a substrate temperature of 300°C there is a significant 
decrease in the amount of the incorporated Si that is substitutional. Man-
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Figure 3 Density and average size of arsenic clusters in four different epilayers as a function 

of temperature for a 30 s anneal. Three of the epilayers are GaAs, one containing 0.3% 
excess arsenic, one containing 0.7% excess arsenic, and one with 0.9% excess arsenic. The 
fourth epilayer is A1GaAs containing 0.2% excess arsenic. 

asreh et al (38) report a similar decrease in the incorporation of Be on 
substitutional sites for substrate temperatures below 300°C. However, 
McQuaid et al (39) found that almost all Si atoms were on Ga sites for a 
GaAs layer grown at 200°C with Si concentrations of I x 10 19 cm-3• The 
results of Manasreh and McQuaid indicate that the incorporation of Si 
on Ga sites at low substrate temperatures may be sensitive to the growth 
condition, i.e. group III-to-IV flux ratio, as has been observed by O'Hagan 
& Missous (40). 

The effect of planes of dopants on the arsenic cluster coarsening was 
investigated by Melloch et al (14) and is illustrated with the TEM image 
in Figure 4. The white lines in the image are AlAs markers, the rest of the 
regions are GaAs. Planes of Si or Be dopants were incorporated into the 
epilayers at the positions indicated. These dopant planes were 
accomplished by interrupting growth by closing the shutter in front of the 
Ga effusion cell while maintaining the arsenic flux. The shutter in front of 
the Si (or Be) dopant effusion furnace was then opened to deposit the 
dopant to a sheet concentration of 5 x 10 12 em -2. To make sure there was 
no effect of the growth interruption on the arsenic precipitation, the lower 
GaAs region in Figure 4 contained a growth interruption of the same 
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SI 

Figure 4 TEM image of a film structure grown at 250QC using AS2 and annealed for 30 s at 
800°C. The white lines are 5 nm AlAs layers. Between the lower two AlAs layers is a 200-nm 
GaAs region that contained a 3-min growth interruption in the center. There is no apparent 
effect on the arsenic cluster coarsening due to the growth interruption. The next 400-nm 
region is a GaAs layer that contains three planes of Si dopants. The arsenic clusters are lined 
up on the planes of Si dopants. The next 400-nm region is a GaAs layer that contains three 
planes of Be dopants. The arsenic clusters are seen to coarsen preferentially between the 
planes of Be dopants. 

duration (3 min) as used to deposit the planes of dopant atoms. After 
growth, the epilayer was annealed for 30 s at 800°C. Clearly seen in the 
figure is a preferential coarsening of the arsenic clusters at the planes of Si 
atoms, the n-type dopant, and away from the planes of Be atoms, the p
type dopant. The growth interruption had no effect on the arsenic cluster 
coarsening process. Cheng et al (41) have used this preferential coarsening 
of arsenic precipitates at Si delta-doped regions to demonstrate a GaAs/ As 
superiattice. 

To further investigate the effect of doping on the arsenic cluster coarsen
ing process, Melloch et al ( 15) grew a pn doping superlattice where each 
doped region was 200-nm thick and doped to a concentration of 1 x 1018 

cm-3• Shown in Figure 5 is the TEM image of the epilayer after annealing 
to (a) 700°C and (b) 900°C for 30 s. With increased annealing there is a 
clear coarsening of the arsenic clusters and a preferential coarsening of the 
arsenic from the p-L TG-GaAs regions to the n-L TG-GaAs regions. Simi
lar observations have been reported by Ibbetson et al (16). The behavior 
of the arsenic cluster-coarsening with doping is believed to be caused by 
the Schottky nature of the arsenic dusters ( 15) .  In n-GaAs : As, the arsenic 
clusters are negatively charged, whereas in p-GaAs : As they are positively 
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556 MELLOCH ET AL 

Figure 5 TEM image of a series of 200-nm GaAs regions uniformly doped with Si at I x 1 018 
cm-3 followed by a 200-nm GaAs region uniformly doped with Be at I x 1 018 cm-3, and 
subsequently annealed at (a) 700°C for 30 s and (b) 900°C for 30 s. 
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charged. Therefore, if an arsenic antisite or interstitial is thermally emitted 
from an arsenic cluster and is ionized, it will be positively charged and 
attracted to the arsenic cluster in n-GaAs : As but repelled from an arsenic 
cluster in p-GaAs : As. Thus the arsenic clusters will be more stable in n
GaAs : As than in p-GaAs : As and account for the preferential coarsening 
in n-doped regions. 

Secondary ion mass spectroscopy (SIMS) of samples annealed at 8000e 
for 30 s and 9500e for 30 s are shown in Figure 6. There is no detectable 
diffusion of the dopants even for the 9500e 30 s anneal. In fact, SIMS 
characterization of a sample annealed for 10 min at 9000e also showed 
no discernible diffusion of the Be, unlike what is observed for Be in GaAs 
grown at normal (600°C) substrate temperatures. Apparently the excess 
arsenic in the film is preventing the Be from being interstitial, where it is 
a fast diffuser, and keeping it on substitutional sites, where it is a slow 
diffuser. Also seen in Figure 6 is the excess arsenic in the layers grown at 
2500e (top 1.2 J.lm) compared to the underlying stoichiometric layers 
grown at 600oe. The variation in the arsenic concentration is clearly seen, 
with decreased concentrations in the regions corresponding to the p-n 
junction depletion regions, consistent with the TEM observations of 
Figure 5. 

Effect of Heterojunctions on Arsenic Cluster Formation 
Mahalingam et al (13, 42) first noticed that if a heterojunction were 
present, the coarsening with anneal resulted in an accumulation of arsenic 
precipitates on the GaAs side of the heterojunction and a depletion of 
arsenic clusters on the AIGaAs side of the heterojunction. The behavior 
of the arsenic cluster formation and coarsening in a superlattice is illus
trated in the TEM image of Figure 7. This is a TEM image of a series of 
10-period Alo.3Gao.7As/GaAs regions of progressively wider Alo.3Gao.7As 
barriers or GaAs wells, grown at low substrate temperatures and then 
annealed at 7000e for 30 s. For the wide GaAs wells, the arsenic clusters 
are completely contained within the GaAs well regions. As the well regions 
become narrower, the arsenic clusters are centered in the GaAs well regions 
but extend into the AIGaAs barrier regions. Finally the 10-period super
lattice with the narrowest well and barrier widths is almost devoid of 
arsenic clusters, but the regions surrounding it (a GaAs region below and 
a superlattice above) contain arsenic clusters. 

The behavior of the arsenic precipitate coarsening at heterojunctions 
and superlattices can be explained based on the difference in interfacial 
energies between an arsenic precipitate in GaAs and an arsenic precipitate 
in AIGaAs. Because the AI-As bond is stronger than the Ga-As bond, the 
interfacial energy will be lower between an arsenic precipitate and GaAs 
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Figure 6 Secondary ion mass spectra of the doping superlattice after (a) 800°C 30 s annealing 
and (b) 950°C 30 s annealing. There is virtually no movement of the dopants, but the 
redistribution of the arsenic is evident. The arsenic concentration was normalized to its value 
in the film region grown at a substrate temperature of 600°C. Note that the Cs profiling of 
the Si gives much poorer depth resolution than the 0 profiling of the Be. This is why the Si 
profiles in the n-regions do not appear flat compared with the Be profiles in the p-regions. 

than between an arsenic precipitate and AIGaAs. Therefore, the arsenic 
precipitates will preferentially coarsen from AIGaAs regions to GaAs 
regions. This is why the arsenic precipitates in the regions in Figure 7 with 
the thicker quantum wells are all contained in the quantum well regions. 
However, for the particular anneal condition used for the sample of Figure 
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Figure 7 A series of lO-period superlattices of progressively wider Alo3Gao7As barriers or 

GaAs wells grown at low temperatures and then annealed at 700°C for 30 s. 

7, in the thinner quantum well regions the arsenic precipitates are centered 
in the quantum wells but extend into the AlGaAs barriers because com
pletely enclosing the arsenic precipitates in the quantum wells would 
require a larger number of smaller precipitates. This larger number of 
smaller precipitates would result in a larger arsenic precipitate-to-matrix 
interfacial area ratio and hence larger interfacial energy than fewer pre
cipitates that are centered in the GaAs well regions that extend into the 
AlGa As regions. Finally, the IO-period superlattice with the thinnest GaAs 
barriers is almost devoid of arsenic precipitates because it is thin compared 
with an arsenic diffusion length, and it is surrounded by regions of lower 
arsenic precipitate-to-matrix interfacial energies, i.e. the GaAs region 
below, and the l O-period superlattice above that has thicker GaAs well 
regions. 

The behavior of the arsenic precipitates at AIGaAs/GaAs hetero
junctions can be used to form planes of arsenic precipitates with high 
density. Shown in Figure 8 is the TEM image of a sample with IO-nm 
GaAs wells that are separated by IOO-nm AIGaAs barriers. This structure 
was grown at low substrate temperatures so that excess arsenic was con-
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GaAs 

AIGaAs 

GaAs 

AIGaAs 

Figure 8 Bright-field image of lO-um thick GaAs wells separated by IOO-um AlGaAs 
barriers for samples annealed at 700°C for 5 min. 

tained throughout the GaAs and AIGaAs regions. The TEM image in 
Figure 8 is of a sample annealed at 700°C for 5 min. Even after the 5 min 
anneal at 700°C there is a clear tendency for the arsenic precipitates to 
coarsen to the GaAs well regions. After a l .5 h anneal at 700°C there were 
very few arsenic clusters remaining in the AlGaAs regions (13). It may be 
possible to use this behavior of the arsenic precipitates at heterojunctions 
to get the arsenic precipitates close enough that they will behave as a 
buried conducting layer. Although the density of arsenic precipitates in 
Figure 8 appears high, the figure is a projection of a three-dimensional 
sample onto two dimensions. Therefore, the planes of arsenic precipitates 
in Figure 8 were not conducting-a higher density of arsenic precipitates 
is required than has been obtained so far. Similar behavior has been 
observed by Cheng et al (19) investigating precipitate coarsening in a 
structure consisting of InGaAs quantum wells and GaAs barriers. Cheng 
et al (19) observed preferential coarsening of the arsenic precipitates to 
the InGaAs quantum wells, the region of lower precipitate-to-matrix inter
facial energy. Cheng et al (43) have also demonstrated preferential coarsen
ing of arsenic precipitates at In delta-doped regions in GaAs and AlGaAs. 

For engineering composite structures containing arsenic clusters, it 
would be desirable to be able to vary the placement of arsenic clusters 
between GaAs quantum wells and AlGaAs barrier regions. Melloch et al 
(44) have demonstrated such a capability. When growing at low substrate 
temperatures, a technique called migration enhanced epitaxy (MEE) can 
be used to grow highly stoichiometric epilayers (45). MEE consists of 
separately supplying about one monolayer of the group III and group V 
fluxes to the growing surface, which allows the excess arsenic to desorb 
from the surface. Therefore, by switching between MBE and MEE growth 
modes within a monolayer, one can change from stoichiometric to non-
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--�=-............ -�GMs 
�AIGaAs i�����::�::�::��=:::::�:::::::�GaAS 
�AIGaAs 
�GaAs 
�AIAs 

lQ!lm 

Figure 9 TEM image of a film structure grown at 260°C using As •. The bright lines are 
AlAs layers (the lowest one is marked) and are either 6- or l 2-nm thick. The region below 
the marked AlAs layer is the GaAs temperature transition region. The three GaAs wells in 
the image are indicated with arrows. The AlAs layers and the GaAs regions between the 
AlAs layers were grown by MEE, and as-grown are highly stoichiometric. The Alo2GaosAs 
layers were grown by MBE, and hence as-grown have a large excess of arsenic. 

stoichiometric epitaxy. This technique then could allow one to grow GaAs 
wells that are stoichiometric and AIGaAs barriers that contain excess 
arsenic. However with annealing, the excess arsenic would still coarsen at 
the GaAs well regions. To prevent this, MeJloch et al (44) used thin AlAs 
layers as arsenic diffusion barriers between the stoichiometric GaAs wells 
and the non stoichiometric AIGaAs barriers to retain the excess arsenic 
and the arsenic precipitates in the AIGaAs barrier regions, as illustrated 
in Figure 9. The effectiveness of AlAs as a diffusion barrier to the large 
amount of excess arsenic in LTG-materials was first demonstrated by Yin 
et al (46). 

Composite Formation Using Ion Implantation 
Claverie et al (47) have demonstrated the fabrication of composites of 
arsenic clusters in GaAs by arsenic implantation and thermal annealing. 
Implantation allows lateral control of the placement of the excess arsenic 
with possible application for isolation between devices. With the use of 
implantation, one is not limited to arsenic as the only species introduced 
into the semiconductor. Chang et al (48) have formed Fe3GaAs and 
Ni3GaAs precipitates in GaAs using implantation of Fe and Ni followed 
with a precipitation anneal. The GaAs samples were implanted with 
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1 X 1016 ions/cm2 of Fe or Ni at an energy of 170 keY and at room 
temperature. The samples were annealed at 9500e for 30 s or at 6000e for 
30 min with a GaAs proximity cap. TEM analysis revealed a composite 
structure consisting of clusters in the GaAs matrix. The size of a typical 
precipitate was 35 nm in diameter, with moire fringes clearly visible. 
Microdiffraction experiments showed the presence of extra spots in the 
diffraction pattern, which were attributed to the presence of hexagonal 
Fe3GaAs or Ni3GaAs in a particular orientation with respect to the GaAs 
matrix. The (004) X-ray rocking curves of the annealed samples showed 
only a sharp substrate peak and no extra peak as observed before anneal
ing. This indicates that most of the strain in the matrix is relaxed by 
precipitation. The optical properties of these new composites are yet to 
be explored. Preliminary Hall-effect measurements on the Fe- and Ni
implanted samples that were annealed at 9500e for 30 s showed they are 
both p-type, with carrier concentrations of 2.5 x 1017 cm-3 and 7.5 x 1017 
cm-3, with mobilities of 179 and 252 cm2/V-s, respectively. This large hole 
concentration is probably due to residual Fe and Ni atoms that act as 
acceptors. The ability to form these composites with different metals may 
allow an additional degree of control of the composite properties because 
of the different Schottky barriers associated with different metal/GaAs 
interfaces. Precipitates of noble metals such as eu and Ag in GaAs produce 
particularly strong absorption and scattering of optical radiation and may 
represent attractive new composite materials for optical applications (49). 

ROLE OF POINT DEFECTS AND ARSENIC CLUSTERS 
Electrical Conductivity 
In LTG-GaAs much of the excess arsenic, with concentrations of 1 to 2%, 
can be in the form of the arsenic antisite (AsG.), the arsenic interstitial (Asj), 
the Ga vacancy (V Ga) , and complexes of these defects. The observation of 
the ionized arsenic antisite (AsOa +) with concentrations of up to 1 to 
5 X 1018 cm-3 in LTG-GaAs was made using electron paramagnetic res
onance (EPR) (7). This concentration of AsG• + is equal to the con
centration of ionized acceptors, presumably the ionized Ga vacancy 
(V Oa - ). The observation of the neutral ASOa has been made using absorp
tion measurements (50, 51). Because of the large concentration of point 
defects, LTG-GaAs exhibits hopping conductivity with resistivities as 
low as 10 a-cm (52). However, with annealing, the resistivity increases 
dramatically to as high as 106 a-cm for annealed LTG-GaAs (52), and 
resistivities as high as 6 x 1011 a-cm have been reported for annealed L TG
Alo.3Gao.7As (53). For intermediate growth temperature, 350--450oe, as-
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grown GaAs is semi-insulating (107 n-cm) due to the incorporated point 
defects (4, 54). 

There has been considerable debate concerning the role of point defects 
vs the role of arsenic precipitates in explaining the electrical properties 
displayed after annealing LTG-materials (21, 52, 55, 56). The defect model 
predicts a decrease in hopping conductivity as the excess arsenic pre
cipitates but assumes that the arsenic precipitates play little role and that 
the material is compensated by the residual arsenic antisites. The model 
based on arsenic precipitates as embedded Schottky contacts assumes a 
depletion region around each arsenic precipitate. If the background doping 
is low enough, compared with the spacing of the precipitates, the material 
will be completely depleted, as illustrated in Figure lOa, and will exhibit a 
high resistivity. The degree to which the defects or the embedded Schottky 
barriers control the material properties depends on the anneal that the 
material has experienced. The transition from a material dominated by 

point defects to one dominated by the arsenic precipitates occurs around 
600°C-the only anneal temperature or the maximum anneal temperature 
used in much of the data reported in the literature. 

The conductivity as a function of anneal temperature of L TG-GaAs 
has been reported by Ibbetson et al (23). They found that the room
temperature conductivity of an LTG-GaAs sample annealed for 30 s at 
600°C was due to hopping conduction. For higher-temperature anneals, 
the room-temperature conductivity was not the result of hopping con
duction but due to a thermally assisted tunneling process with an activation 
energy of ",0.6 eV, which Ibbetson et al attribute to the arsenic precipi
tates. In fact, this activation energy of '" 0.6 e V is very close to the reported 
Schottky barrier height for arsenic deposited on GaAs (57). 

Atique et al (58) have studied the structural and electronic properties of 
doped L TG-GaAs as a function of anneal for three 1 Ilffi-thick epilayers 
with Si doping concentrations ranging from 5 x 1017 cm-3 to 5 x 1018 cm-3 
and five I pm-thick epilayers with Be doping concentrations ranging from 
5 x 1017 cm-3 to 5 x 1019 cm-3• These epilayers were all grown under similar 
conditions; the Si-doped epilayers contained 0.9% excess arsenic, and the 
Be-doped epilayers contained 0.6% excess arsenic. The epilayers were 
grown on semi-insulating GaAs substrates; after epitaxy, each wafer was 
cleaved into a series of samples. Samples from the Si-doped epilayers were 
annealed for 30 s at temperatures ranging from 650 to 1000°C, and samples 
from the Be-doped epilayer were annealed at temperatures ranging from 
650 to 900°C. Van der Pauw structures were fabricated on the samples to 
ascertain the electrical properties. Shown in Figure 11 are the resistivities 
of these samples as a function of anneal temperature. The 30 s anneal at 
700°C results in a significant increase in resistivity of the samples (limited 
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Arsenic 
Precipitates 

(a) 

Depletion � � Regions � 
:�_7� 

(b) 
Figure 10 (a) Depletion regions around arsenic precipitates such that the depletion regions 
just overlap. (b) Depletion regions around arsenic precipitates with spacing such that there 
is undepleted material between the precipitates. 

by substrate conduction) from the as-grown values, except for the most 
heavily doped Si sample. The resistivity is seen to decrease as the anneal 
temperature is raised above 700°C because of arsenic cluster coarsening, 
which causes the depletion regions around the arsenic clusters to no longer 
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Si concentration 

�5x1017 cm-3 

----1x1018 cm-3 

-+- 5x1018 cm-3 

10-3 ----�--------�--------�--� 
o 200 400 600 800 1000 1200 

30s Anneal Temperature (0C) 

200 400 600 800 1000 
308 Anneal Temperature (0C) 

Figure 11 Resistivity as a function of temperature for 30-s isochronal annealing of GaAs 
epilayers containing excess arsenic for (a) three different n-type doping concentrations, and 
(b) five different p-type doping concentrations. 

overlap, as illustrated in Figure lOb. This effect is clearly seen in the carrier 
concentrations (as determined by Hall measurements) as a function of 
anneal temperature for these epilayers (Figure 12). Also of note is that 
some of the p-doped epilayers are n-type as-grown or when annealed at 
low temperature, as has been observed by others (40, 59). The mobilities 
as a function of anneal for the n-GaAs: As samples are shown in Figure 
1 3. 
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Figure 12 Carrier concentration as a function of temperature for 30-s isochronal annealing 
of GaAs epiJayers containing excess arsenic for (a) three different n-type doping con
centrations and (b) five different p-type doping concentrations. 

Atique et al (58) have investigated the correlation between the measured 
carrier concentrations and the average arsenic precipitate size and average 
arsenic precipitate spacing. Figure 14 shows the model and band structure 
of an arsenic precipitate surrounded by its spherical depletion region. In 
this model, the arsenic precipitate fonns a Schottky barrier with the GaAs 
matrix analogous to a planar Schottky barrier. By solving Poisson's equa-
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2000 ------...--.....--...... --, 

en 1500 
< C\I 
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• 5x1017 cm-3 

200 400 600 800 1000 1200 
305 Anneal Temperature (OC) 

Figure 13 Mobility as a function of anneal temperature for 30-s isochronal anneals for the 
Si-doped L TG-GaAs epilayers. 

tion, the built-in potential Vo in Figure 14-determined from the doping 
level of the material-is related to the arsenic precipitate radius ro and the 
depletion radius rs by (21) 

l .  

where No  i s  the doping density, and e is the permittivity of the semi
conductor matrix. This equation allows the calculation of the depletion 
radius for each of our samples, which enables an estimation of the free 
carrier concentration from the fraction of material depleted. The expected 
free carrier concentration Nf for each sample is related to the doping 
density ND, the depletion radius r" and the distance between precipitates 
dby 

2. 

Atique et al (58) define 2rs/d as the degree of depletion. (A degree of 
depletion of 1 occurs when the depletion regions just touch, and a degree 
of depletion of 1 /2 is the case when the depletion regions extend to include 
half the distance between precipitates.) Plotted in Figure 1 5a,b are the 
free electron and free hole carrier concentrations determined from Hall 
measurements vs the degree of depletion as determined from TEM 
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depletion 
region" 

negatively ch 
arsenic precipitate 

- ----

<\>e 
...... _--........... -----

Figure 14 Schottky barrier model for the embedded arsenic precipitates. 

measurements. Also plotted in Figure 15 is Equation 2, the expected 
free carrier concentration based on the arsenic clusters acting as internal 
Schottky diodes. The measured free electron concentration data correlate 
well with the model of the arsenic clusters acting as internal Schottky 
barriers. Note that any residual AsGa defects, ASGa deep donors, would 
not be able to decrease the free electron densities. In Figure 15h, as the Be 
concentration increases, the drop in the free hole concentration is seen to 
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(a) Degree of Depletion 
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(b) Degree of Depletion 
Figure 15 Normalized carrier concentration vs degree of depletion for (a) three different 
Si-doping levels and (b) five different Be-doping levels. Degree of depletion is 2 r,/d, where r, 
is the depletion sphere radius and d is the distance between precipitates. 

occur at lower values of degree of depletion, or arsenic cluster spacing, 
than expected from the internal Schottky barrier model. This is attributed 
to ASGa partially compensating the shallow Be acceptors. For a given 
anneal condition, the concentration of ASGa will be higher in p-doped 
L TG-GaAs than in n-doped LTG-GaAs because there is less of a driving 
force for precipitation because of the locations of the Fermi levels (15). In 
L TG-p-GaAs, the ASGa will compensate the shallow acceptors, thus the 
Fermi level begins at midgap. In LTG-n-GaAs, the ASGa defects do not 
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570 MEL LOCH ET AL 

compensate the shallow Si donors, thus precipitation of the excess arsenic 
is required to move the Fermi level to midgapo 

The average arsenic cluster size and spacing as a function of anneal is 
shown in Figure 16a for the Si-doped epilayers and in Figure 16b for the 
Be-doped epilayers, illustrating the coarsening of the arsenic clusters with 
annealingo Note that as the doping density increases for a given anneal 
condition, the average diameter and spacings of the arsenic clusters are 
smaller. The reason for this trend is that for higher doping densities at a 

1000 
-oe::( 800 -
C) c: o� 

600 a. en 
... 0 400 L.. 5x1018 cm03 Q) 1x1018 cmoa -Q) 
E 200 5x1017 cm03 ro 
Ci Diameter 

0 
700 800 900 1000 

(a) 305 Anneal Temperature (0C) 

1000 
-oe::( 800 -
en c: 00 ro 600 c. en 
... 0 400 ... 
Q) 
CD 
E 200 ro 
15 

0 
700 800 900 1000 

(b) 305 Anneal Temperature (0C) 

Figure 16 Average cluster sizes and spacings as a function of anneal temperature for 30-s 
isochronal annealing of L TG-GaAs epilayers for (a) three different Si-doping levels and (b) 
five different Be-doping levelso 
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given anneal condition, a smaller spacing between precipitates is required 
to move the Fermi level toward midgap-toward a state of lower free 
energy. 

Fermi Level Position 
Several groups have made effective use of the con tactless electro
modulation methods of photo reflectance (60) and contactless electro
reflectance (60) to study the nature of Fermi level pinning on LTG-GaAs 
and GaAs: As (56, 61-65) and InGaAs: As (66). Certain features, i.e. 
Franz-Keldysh oscillations, observed in electromodulation from special 
structures with large, uniform electric fields have been found to be 
extremely useful for evaluating Fermi-level positions (60). Although the 
work of Warren et al (56, 61, 62) was carried out on both n- and p-type 
material, the investigations of References 63-65 were performed on only 
n-type samples. In addition, Warren et al (56, 61, 62) used piezorefiectance 
to further evaluate the nature of the electric fields created by the Fermi
level pinning. The experiments of Warren et al showed that the Fermi level 
in LTG-p-GaAs is pinned 0-4 e V below the conduction band edge, whereas 
in p-GaAs: As the Fermi level is pinned 0.67 eV below the conduction 
band edge, i.e. midgap. In addition, these experiments of Warren et al 
showed that the Fermi level is unpinned in L TG-n-GaAs and pinned at 
midgap in n-GaAs : As. Thus the controlling mechanism in the GaAs : As 
material is indeed that of Schottky barrier-controlled pinning on metallic 
arsenic precipitates, consistent with previously reported investigations for 
these materials. 

To probe the electric fields in and adjacent to the LTG layers, special 
three-layer heterostructure stacks were grown for the electromodulation 
measurements. They consisted of a dopedjundoped (layer I)jundoped 
(layer II) configuration, where undoped layer I is either GaAs or InGaAs 
grown at normal MBE substrate temperatures, and undoped layer II is 
either LTG-GaAs, GaAs : As, or InGaAs: As. In the work of Warren et 
al (56, 61, 62), the structures were n+ (N) and p+ (P) GaAs buffer layers 
(doped at 5 x 1018 cm-3) grown on (001) substrates, followed by 50-nm 
undoped (U) GaAs grown at a substrate temperature of 600°C. The 
substrate temperature was then dropped to 250°C, and 150 nm of GaAs 
was deposited for samples referred to as LTUN and LTUP, respectively. 
In other samples, this recipe was followed by an in situ ramp back up to 
600°C for a 30 s anneal in an AS2 flux. These samples are referred to as 
AL TUN and ALTUP layers. The key assumption in using this method 
with the three-layer structure is that the Fermi level will be pinned at some 
characteristic energy in layer II. If so, the electric field will be (a) nearly 
zero in layer II and (b) nonzero and nearly constant in undoped layer I. A 
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572 MEL LOCH ET AL 

knowledge of the thickness of undoped layer I and the doping level of the 
buffer layer makes it possible to evaluate the Fermi level in layer II. Electric 
fields in the un doped regions of all these samples were then measured from 
the Franz-Keldysh oscillations observed, using both photoreflectance and 
con tactless electroreflectance. These two techniques gave identical fields; 
in addition, contactless electro reflectance gave the field sign from the phase 
of the reflected signal (60). There were no observable photovoltage effects 
in the AL TUN and AL TUP materials at 300 K. In the LTUN and L TUP 
samples, measurements were made at elevated temperatures ( '" 400 K) to 
eliminate the influence of the photovoltage (60). 

It is important to note that recent experiments have demonstrated the 
need to study both n- and p-type material to obtain unambiguous results 
about Fermi-level positions (67). In addition to the above studies, Warren 
et al also have performed piezoreflectance measurements at 300 K on all 
samples to determine the nature of the fields (i.e. uniform or nonuniform) 
responsible for the Franz-Keldysh oscillations. It has been demonstrated 
that only uniform fields produce Franz-Keldysh oscillations in piezo
reflectance spectra (60). 

In the LTUN structure, the measured field from the Franz-Keldysh 
oscillations in the electromodulation traces was 1 . 1  x 1 05 V fcm, which 
corresponds to the built-in field at the U-N interface. For this sample, no 
Franz-Keldysh oscillations were observed in piezoreflectance, indicating 
that the field is nonuniform. This value places an upper limit of about 0.5 
e V for the Fermi-level distance from the conduction band edge at the L T
U interface. In the L TUP sample, the measured field from electro
modulation was 1 .8 x 105 V fern, which corresponds to a Fermi-level posi
tion in the LT material ", 0.45-0.5 eV below the conduction band. The 
uniform nature of this field was verified by the Franz-Keldysh oscillations 
in the piezoreflectance data, which also gave the same value of the field as 
the electromodulation measurement. These two measurements are exactly 
what one would expect from a single, deep-donor level 0.4 eV below the 
conduction band, which corresponds to the EPR and infrared absorption 
measurement of arsenic-anti site defects (7, 50, 5 1 ). Figure 17 a,b shows our 
modeling results for the LTUN and LTUP cases, respectively, with such 
a defect, illustrating the lack of firm pinning for this system. This model 
also serves to explain the presence of a photovoltaic effect in these samples. 
These figures are consistent with the piezoreflectance data, i.e. nonuniform 
field (1 . 1  x 1 05 V/cm) in the U region near the U-N interface for the LTUN 
sample and uniform field ( 1 .8  x 1 05 V fcm) in the U region for the L TUP 
material. 

Data from the ALTUN and ALTUP samples, however, indicate a 
completely different system. Shown in Figures 1 8  and 1 9  are the con tactless 
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Figure 17 Band profile for the as-grown (un-annealed) (a) LTUN and (b) LTUP structures. 
A deep donor is included in the LT material with energy 0.4 eV below the conduction band. 
Arrows indicate the interface between the LT, U, and N layers. 
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ALTUN GaAs 
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300K 
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Figure 18 Contactless electrorefiectance spectrum from the ALTUN structure at 300 K. 
The inset shows a plot of (4/3n)(Em-Eg)312 as a function of the Franz-Keldysh oscillations 
extrema index m. 

electroreflectance spectra at 300 K for these two samples, respectively. 
Both samples display a number of Franz-Keldysh oscillations, although the 
signals exhibit opposite phases consistent with n- and p-type band bending, 
respectively. Also the piezorefiectance traces from both materials exhibited 
Franz-Keldysh oscillations, indicating linear electric fields. The positions 
of the mth extrema in the Franz-Keldysh oscillations are given by (60) 

mn = (4/3) [(2,u1l) 1 /2(Em - Eg)3/2/qhF] + X, 3. 

where Em is the photon energy of the mth extrema, Eg is the band gap, F is 
the electric field, ,ull is the reduced interband effective mass in the direction 
of F and X is an arbitrary phase factor. Therefore, if ,ull is known, a plot 
of (4/3n)(Em-Eg)3/2 as a function of index number m yields a straight line 
from which Fcan be evaluated from Equation 3. In the case of the uniform 
electric fields in these structures, the relation between F and the barrier 
height ( VB) created by the Fermi-level pinning can be written as (60) 
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Figure 19 Contactiess electro reflectance spectrum from the ALTUP structure at 300 K. 
The inset shows a plot of (4j3n)(Em-Eg)J/2 as a function of the Franz-Keldysh oscillations 
extrema index m. 

VB = FL+ (kT/q) + sec, 4. 

where L is the thickness of undoped layer I and the second and third 
terms are the Debye length and space charge (doping layer) corrections, 
respectively. 

The insets of Figures 18 and 1 9  display such plots from which the 
authors have deduced fields of 1 .25 x 105 V /cm for both samples, which 
indicate a single midgap GaAs : As Fermi-level position for both materials. 
Modeling for the AL TUN and ALTUP structures are shown in Figure 
20a,b, respectively. Allowing for doping degeneracy and Debye tailing in 
the doping substrates, and an 8-nm Debye tail in the GaAs: As layer, their 
calculations yield fields of 1 .3 x 105 V /cm with a pinning of 0.67 e V below 
the conduction band edge. The extrapolated pinning position is in excellent 
agreement with a measured Fowler-Nordheim photoresponse threshold 
of 0.7 eV (25) and is what one would expect from the barrier height of 
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Figure 20 Band profile for the annealed (a) ALTUN and (b) ALTUP structures. The Fermi 
level is pinned at 0.67 eV below the conduction band edge. Arrows indicate the interface 
between the LT, U, and N layers. 

A
nn

u.
 R

ev
. M

at
er

. S
ci

. 1
99

5.
25

:5
47

-6
00

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

D
av

is
 o

n 
01

/2
4/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.



LOW-TEMPERATURE GROWN III-V M ATERIALS 577 

metallic arsenic to GaAs (57)_ The fact that there was no measurable 
photovoltage in these samples is consistent with metallic Fermi-level pin
ning by the arsenic precipitates_ In addition, it is clear that such pinning 
could not be produced by a single donor or acceptor defect 

Woodall et al also have reported a similar experiment on two ALTUP 
(sample A and B) and one UP (sample C) GalnAsjlnP (001) samples (66). 
Samples A and B were three-layer structures-the doped layer was p-type 
GalnAs, the undoped layer I was GalnAs 100-nm thick, and the undoped 
layer II was GalnAs : As IOO-nm thick. Sample C is the same as samples 
A and B but without the GaInAs : As layer II. For sample C, the Franz
Keldysh oscillations measure the pinning position of the free surface of 
GaInAs. The photoreflectance spectra at 300 K for these three samples 
are shown in Figure 21. All three materials exhibit well-pronounced Franz
Keldysh oscillations. For clarity, the spectra are plotted in terms of E-Eg• 
The values of Eg listed in the figure were obtained from the three-point 
method. The electric fields were 46 ± 3, 44 ± 3, and 50 ± 3 kV jcm, from 
which the authors deduced Fermi levels of 0.49 ± 0.03 V, 0.47± 0.03 V, 
and 0.53 ± 0.03 V above the valence band edge for samples A, B, and C, 
respectively. If the GaInAs : As did not pin the Fermi level, then because 

2 
Ino.S3GoO.47As/lnP 

PHOTOREFLECTANCE 300K 

0 
� 
'---.. 

I � 
<l 

� 
0 
.....-4 

0 

Eg=O.727eV 

-2 
-0. 1 0.0 0 . 1  0.2 0.3 

E -Eg (eV) 
Figure 21 Photorefiectance spectra at 300 K for two ALTUN (samples A and B) and one 
UP (sample C) GalnAs/ln/lnP materials plotted as a function of (E-Eg). 
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of the differences in undoped GalnAs thickness between the samples A, B 
and sample C, the electric fields in samples A and B would have to be 
about one half the value of sample C in order for the Fermi levels at the 
surface to be the same for all three materials. This is clearly not the case. 
Thus this study demonstrated that the Fermi level is pinned at about the 
same value for both GaInAs surfaces and GaInAs : As. 

Scanning Tunneling Microscopy Studies 

Feenstra et al (27, 68-70) have used scanning tunneling microscopy (STM) 
to investigate LTG-material as it changes with annealing from one with a 
distribution of point defects to one with a distribution of arsenic clusters. 
An STM image of as-grown material is shown in Figure 22, revealing a 
concentration of arsenic antisites of about 1 x 1020 em -3 (68, 69). The 
characteristic appearance of the antisites in the STM images arises from 

, 1 1 0 2 n m  

Figure 22 STM images of the (1 1 0) cleaved surface of as-grown L TG-GaAs, acquired with 
0. 1 nA tunnel current and at a sample voltage of - 2.0 V. Various point defects can be seen, 
classified as types A, B, C, and D, as indicated. 
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the wave function of the defect donor states, and the labels A, B, C, D in 
Figure 22 refer to anti sites located in crystal planes located 0, 1 ,  2, or 3 
planes respectively below the (110) surface. Tunneling spectroscopy 
directly reveals the spectrum of midgap donor states (0/ + and + / + + ), 
as shown in Figure 23 . As the background doping of the material changes 
from n-type to p-type, the Fermi level moves into the middle of this band 

8 + 1 +1 0 
6 + 

\ 

4 
EL2 

-

1� 2 . 
"'- 0 ---.. 
::> 
""d 
"'-1--1 2 ""d p++ -...-

0 

2 
0 -2 - 1  0 1 2 

SAMPLE VOLTAGE (V) E-EF (eV) 
Figure 23 Tunneling spectra acquired from layers of as-grown L TG-GaAs containing 
varying amount of compensating shallow dopants. The valence-band maximum Ev and 
conduction-band minimum Ec are indicated by dashed lines in each spectrum. An intense 
band of states, arising from arsenic-related defects, appears within the band gap. The states 
of a bulk arsenic antisite defect (EL2) are shown in the upper part of the figure, relative to 
the band edges of spectrum (a). 
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of donor states. A local minimum in conductance forms at the Fermi level 
and is attributed to Coulomb interactions (both on-site and off-site) at the 
defects (68, 69). 

STM studies of annealed material are shown in Figures 24-29. In all 
cases, the structures studied consist of a layer of LTG-GaAs with thickness 
of 500 to 1 500 A, surrounded on both sides by highly doped GaAs layers 
grown at temperatures near 600°C. Figure 24 is obtained from n-type 
LTG-material doped at 1 x 1 0 19 cm-3, with a 30 min anneal at 600°C (27). 
Arsenic clusters appear there as either protrusions or depressions in the 
LTG annealed (denoted LTA) layer, with typical diameter of 50 A. The 
density of these features is found to be 1 .2 x 10 17 cm-3, in reasonable 

- 2 0 nm p LTA-n p 
Figure 24 STM image of a cleaved GaAs structure, showing (a) topography and (b) con
ductance, acquired at a sample voltage of - 2.5 V. The gray-scale range in (a) is 8 A. As 
indicated in (b), the structure contains an LTA n-type layer, surrounded by p-type layers 
grown at higher temperature. The sample was annealed at 600°C. Two steps occur in the 
L TA-Iayer, as marked by arrows in (a). 
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agreement with that found in TEM studies (56). Antisite defects, with their 
characteristic images, are never seen in this n-type annealed material, 
implying a concentration of less than 1016 cm-3•  Higher temperature 
anneals produce coarsening of the arsenic clusters; results for an additional 
800°C, 30 s anneal are shown in Figure 25. The cluster density is found to 
be about 7 x 10 1 5  cm-3 in this case, with a typical diameter of 1 50 A. A 
large cluster is observed near the center of Figure 25a; line cuts through 
this precipitate at the location indicated by arrows are shown in Figure 
25c. The line cuts reveal a characteristic reversal of the topographic con
trast with reversed sample-tip bias, as indicated by the arrows. This 
behavior is a clear indication of local depletion around a charged metal 
cluster (27, 7 1) .  The range of the depletion seen in Figure 25c is about 25 
A. Spectroscopic results from the 1 x 1019 cm -3  n-type material, annealed 
at 600 and 800°C, are shown in Figure 26 (27). For the 600°C anneal, the 
Fermi level far from the clusters is located near midgap, Ev + O.65 eV, 
indicating that the depletion spheres of the precipitates overlap. For the 
800°C case, the Fermi level is located at Ev + 1 .05 eV far from the clusters, 
demonstrating Fermi-level movement toward fiat-band conditions. At 
the clusters, distributions of states extending out from the valence and 
conduction bands are observed in both spectra. The smaller precipitates 
(Figure 26a) are certainly not good metals, but the density of mid gap 
states is easily sufficient to provide a charge reservoir for midgap pinning 
of the Fermi level. 

We recently performed STM studies on n- and p-type LTG-GaAs with 
doping of I x 1018 cm-3, annealed at 600°C for 30 min plus 700°C for 30 
s. The n-type material revealed a cluster density of 6 x 1016 cm-\ with 
typical diameter of 80 A. A close-up view of one precipitate is shown in 
Figure 27. A depletion sphere around the precipitate, appearing dark in 
this filled-state conductance image of n-type material, is clearly seen in 
Figure 27b. The radius of the depletion sphere is about 75 A [including 
the white fringe around the dark circle (72)] for this 35-A radius precipitate. 
Spectroscopic results, acquired from a point in the LTA-Iayer far from a 
cluster are shown in Figure 27c. The characteristic band-gap region of 
GaAs is seen, but the observed gap is about 2.0 eV, compared with the 
correct value of 1 .4 eV. Thus some tip-induced band bending is clearly 
occurring in the spectrum. It is well known that tip-induced band bending 
can occur in STM spectroscopy of low-doped semiconductors (72-74), 
although the 0.6 eV band bending seen in Figure 27c is significantly larger 
than that generally observed for 1 x 10 1 8  cm -3 doped material. It is likely 
that the composite nature of this LTG material, containing a collection of 
depletion spheres, will lead to increased tip-induced band bending. For 
this 700°C annealed material, carrier activation studies (56, 58) indicate 

A
nn

u.
 R

ev
. M

at
er

. S
ci

. 1
99

5.
25

:5
47

-6
00

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

D
av

is
 o

n 
01

/2
4/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.



582 MELLOCH ET AL 

1 00 
(c) 

80 
........ 
� 60 I-
� WJ 
:r 40 CL 1= 

20 

0 
0 

0)  

-

- 2 0 n m  p i  L T A - n  

100 200 300 4{)0 500 
SCAN DISTANCE (A) 

Figure 25 STM image of a cleaved GaAs structure, showing (a) topography and (b) con
ductance, acquired at a sample voltage of -2_3 V, The gray-scale nmge in (a) is 33 A. As 
indicated in (b), the structure contains an LTA It-type layer, b<:>rdered on the left-hand side 
by a p-type layer grown at higher temperature. The sample was annealed at 800DC, Cross 
sectional cut� along the line indicated by arrows in (0) arc disp/'lyed in panel {cf, acquired at 
sample voltages of - 1 -8  and + L6 V_ 
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GaAs LTA-n � Ev  
(a) 600°C 

(b) 800°C : Ev 
" " ,\  

'\� 
'I 

\ 
\ 
\ 
\ 

\ 
, 
"--.' 

�,\I\, 

-2 -'- 1  0 

� Ec 

I 
GaAs I 

I 

�: 

precip. 

precip. 

1 2 
SAMPLE VOLTAGE (V) = E-EF (eV) 

Figure 26 STM spectra acquired from LTA n-type layers, annealed at (a) 600°C and (b) 
800°C. Spectra are shown acquired on the arsenic precipitates (solid line) and on regions of 
bare LTA GaAs in between the precipitates (dashed line). The valence and conduction band 
edges are marked by Ev and Ec respectively. 

that the depletion spheres are nearly overlapping so that tip-induced band 
bending will be significant. 

According to the buried Schottky barrier model of Figure 14, midgap 
pinning by the precipitates is expected to lead to depletion regions around 
each precipitate. The barrier height (or built-in potential) of the depletion 
regions is related to the depletion radius rs and cluster radius ro (Equation 
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10° 
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� --
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� 
............ 

1 0-3 ....... "t:I --

10-4 
-2 

GaAs LTA-n 1x1018 cm-3 

- 1  0 1 2 
SAMPLE VOLTAGE (V) 

Figure 27 STM image of LTA n-type layer, showing (a) topography and (b) conductance, 
acquired at a sample voltage of - 2.5 V. The gray-scale range in (a) is 2.0 A. The sample was 
annealed at 700°C. A tunneling spectrum (conductance at constant tip-sample separation) is 
shown in (c), acquired on a flat region of LTA-GaAs between precipitates. 

1 ) . With a barrier height of 0.8 eV for n-type material (2 1 ), this formula 
leads to depletion widths 's-'o of 90 and 165 A, respectively for the cases 
pictured in Figures 25c and 27b, which are significantly larger than the 
observed depletion widths of 25 and 40 A, respectively. One reason for 
this discrepancy is simply that the nonzero size of the STM probe tip will 
tend to mask the edges of the precipitates, especially for large clusters such 
as those seen in Figure 25. In addition, the above-mentioned effects of tip
induced band bending will act to reduce the observed depletion regions. 
An analogous effect occurs in pn-junctions, where for doping levels less 
than 1 018 cm-3, observed depletion widths can be significantly smaller than 
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the actual widths (75) (e.g. in figure 5 of Reference 72 the observed junction 
width is two times smaller than expected for the n = 2 x 1 0 17 cm -3 doping). 

Figures 28 and 29 display STM results obtained from p-type material 
with doping concentration of 1 x 10 1 8  cm-3 ,  annealed at 600°C for 30 min, 
and at 700°C for 30 s. In the topographic image of Figure 28a, clusters 
appear as the protrusion seen in the center of the image and the depressions 
seen at the upper and lower edges of the image. The density of clusters in 
this material is found to be 2 x 1016 cm-3, with typical diameter of 80 A. 
Faint white fringes appear around the clusters in the conductance image 
of Figure 28b, indicative of local band bending in this filled-state image of 
p-type material. In addition, small point defects, appearing as white points, 
are seen in the conductance image. Figure 29 shows an expanded view of 
one point defect. Their appearance is identical to that of the antisite defects 
seen in the as-grown material, and thus we identify them as being antisite 
defects. The number of these defects is estimated from the images to be 

1 .6 x 10 1 8  cm-3, i .e. close to the nominal dopant concentration. Thus 
within a factor of two, there are just the right number of charged anti sites to 
compensate the bulk acceptors, and the material becomes semi-insulating. 
Spectroscopic results from this p-type material are shown in the lower part 
of Figure 29. Tip-induced band bending is very large here, with observed 
band gaps of about 4 eV, indicating a carrier density many orders of 
magnitude below the nominal acceptor concentration of 1 x 10 1 8  cm-3 •  

5 0  n m  n I LTA-p I n 
Figure 28 STM image of a cleaved GaAs structure, showing (a) topography and (b) con
ductance, acquired at a sample voltage of - 2.2 V. The gray-scale range in (a) is 22 A. As 
indicated in (b), the structure contains an LTA p-type layer, surrounded by n-type layers 
grown at higher temperature. The sample was annealed at 700°C. Several steps occur in the 
LTA-layer, as seen in (a). 
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- 2 nm 

1 0° 
(C) GaAs LTA-p 1x1018 cm-3 

-- '<i 

� 
I 

10-1 / 
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"\ /  
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I:tl --

�/,,\ � 10-2 ............ - LT layer "'t:I ---

1 0-3 
-3 -2 - 1  0 1 2 3 4 5 

SAMPLE VOLTAGE (V) 
6 

Figure 29 STM image of same sample as in Figure 28, displaying an expanded view of a 
point defect (arsenic antisite). Image (a) shows topography and (b) conductance, acquired at 
a sample voltage of - 2.2 V. The gray-scale range in (a) is l . l  A. Tunneling spectra are 
shown in (c), acquired on the point defect and on a region of fiat LTA-GaAs between defects. 

Spectra acquired on top of the antisites show a small shift in the band 
edge positions, precisely as expected for a charged defect (76). Spectra 
acquired on top of the clusters shown in both Figures 27 and 28 display 
characteristics similar to those acquired from locations far from the clus
ters, except that glitches in the spectra are observed on the clusters, indi
cating charging effects. Apparently, in these cases, the clusters have 
insufficient electrical contact to the conductive layers surrounding the 
LTG-layer to permit direct observation of midgap states. Nevertheless, 
the observed depletion regions around the clusters definitively establish 
their effectiveness in Fermi-level pinning. 

Summarizing the STM results for annealed LTG-GaAs, one finds that 
in n-type material, precipitates are observed with no accompanying antisite 
defects, whereas in p-type material, the two species are found to coexist. 
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This result is consistent with the formation dynamics of clusters proposed 
by Melloch et al ( 1 5), in which the precipitates form (a) to drive the Fermi 
level to a mid gap position, thereby minimizing the chemical potential, and 
(b) to minimize the interfacial energy between incorporated arsenic and 
the GaAs matrix. For p-type material, the midgap pinning position is most 
effectively obtained by the donor anti site defects, so that in annealed 
material, a concentration of the antisites equal to the acceptor con
centration will remain, and the rest of the arsenic is incorporated in 
precipitates. In n-type material, the anti site defects, being donors, cannot 
compensate the shallow donors, so they all form clusters. These pre
cipitates produce midgap pinning, and thus depletion spheres are observed 
around them. For the case of undoped material, STM observations are 
not possible, but it is expected that the antisite defect concentration will 
be low because few if any of the defects are needed for midgap pinning. 
The relative effect on material properties of residual defects and arsenic 
clusters depends on their relative concentrations. 

Carrier Lifetime 

The lifetime of photogenerated carriers in L TG-GaAs is of interest for 
photoconductive applications of the material (77-8 1) .  Harmon et al (82) 
have used a pump-probe measurement of the differential transmission to 
determine the lifetime in L TG-GaAs as a function of anneal. A Coherent 
Mira 900f titanium : sapphire laser was used to produce ", 125 fs pulses 
tuned to a wavelength 01' 866 nm to measure the GaAs epilayers and tuned 
to a wavelength of 720 nm to measure the Alo.2sGao 7sAs epilayer. These 
wavelengths were chosen to provide photons of energies about 1 0  meV 
above the band gaps to probe the states near the conduction and valence 
band edges. The pulse from the titanium: sapphire laser, which was running 
at 73 MHz, was split into a pump and probe beam. The pump beam had 
an average power of 100 to 200 m W and was focused to a spot size of 
approximately 50 !lm. The probe beam had an average power of 4 to 5 
m W and was focused to a slightly smaller spot. The pump beam fills 
conduction band states and causes a reduction in the absorption. As the 
electrons recombine, the absorption increases back to its equilibrium value. 
This transient in the absorption is measured as a function of time, using 
the probe beam, which is delayed relative to the pump beam by using an 
Aerotech linear translation stage to vary the optical path length. 

The transient responses-plotted as normalized differential trans
missions-are shown in Figure 30 for a GaAs epilayer containing 0.9% 
excess arsenic for different anneal conditions. The carrier lifetime is deter
mined by fitting the transient in Figure 30 with a single exponential. To 
ensure that the fit is dominated by carrier recombination rather than by 
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1 .5 

proton implanted normal GaAs 

f 

4 9 
Time (ps) 

1 4  1 9  

Figure 30 Normalized differential transmission measurements of low-temperature-grown 
GaAs showing the dependence of the decay of the differential transmission on the arsenic 
cluster coarsening anneal. The anneals were of duration 30 s at the temperatures indicated. 
The normal GaAs film is I -Jim MBE material implanted with I x 1 0 "  cm-2 protons in order 
to assure recovery to equilibrium between laser pulses. 

carrier cooling or system noise, the fit begins 1 .5 ps after the peak and 
extends to the point where the transient reaches 10% of the final value. 
The results of carrier lifetime vs precipitate spacing are shown in Figure 
3 1  for a GaAs epilayer containing 0.9% excess arsenic, a GaAs epilayer 
containing 0.7% excess arsenic, a GaAs epilayer containing 0 .3% excess 
arsenic, and an Alo 25Gao.75As epilayer containing 0.2% excess arsenic. 
These results indicate an increase in carrier lifetime with an increase in 
precipitate spacing. 

To interpret the data in Figure 3 1 ,  a single recombination center is 
assumed. The carrier lifetime can be described by 

1 
, = -� aNvt 

5. 

where a is the capture cross section of the trap, N is the number of empty 
traps, and Vt is the electron thermal velocity. If we suppose the trap is the 
arsenic cluster, then we would expect the capture cross section to be 
proportional to the area of the precipitate. This model does not accurately 
describe the observed trends because the GaAs epilayer with 0 .3% excess 
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• 0.2% AIGaAs 
• 0.3% GaAs 
• 0.7% GaAs 
• 0.9% GaAs 

20 40 60 80 100 
Spacing (nm) 

Figure 31 Carrier lifetime vs cluster spacing, fit  by a square dependence on cluster spacing 
for four epilayers. Three of the epilayers are GaAs, one containing 0.3 % excess arsenic, one 
containing 0.7% excess arsenic, and one with 0.9% excess arsenic. The fourth epilayer is 
AIGaAs containing 0.2% excess arsenic. 

arsenic has a shorter carrier lifetime than the GaAs epilayer with 0.9% 
excess arsenic when the cluster spacings are the same. For the same arsenic 
cluster spacing, one would expect the GaAs epilayer with 0.9% excess 
arsenic to have the shorter carrier lifetime because the arsenic clusters are 
larger-hence the capture cross section is larger. In addition to the arsenic 
clusters, it is possible that other point defects affect the carrier lifetimes. 
However, Equation 5 describes a system of traps capable of absorbing 
only one electron at a time. For a system containing traps that can be 
multiply ionized, there would be terms of the form of Equation 5 for 
each ionization level. The arsenic precipitates, indeed, can accept many 
electrons and are perhaps better thought of as sinks for electrons rather 
than discrete, single-electron traps. In this view, electron removal from the 
GaAs matrix is limited by diffusive transport to the precipitates rather 
than random thermal impacting on the precipitates. This model predicts 
a square dependence of measured lifetime to precipitate spacing, which is 
in better agreement with the results observed. A square dependence of 
the carrier lifetime with the spacing between clusters is observed in the 
experimental data illustrated in Figure 3 1 -the variation of lifetime in the 
three films for a given arsenic cluster spacing is the result of differences in 
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590 MELLOCH ET AL 

mobilities. For the same arsenic cluster spacing, we would expect the GaAs 
region between arsenic clusters in the epilayer with 0.9% excess arsenic to 
have a lower mobility (more initial strain and point defects) than the GaAs 
region between arsenic clusters in the epilayer with 0.3% excess arsenic. 

DEVICE APPLICATIONS 
Buffer Layers 

The first device application of LTG-GaAs was as a buffer layer under 
MESFETs (4, 5). Smith et al (5) found that such a buffer layer grown at 
200°C, which was subsequently annealed when the top epilayer was grown 
for the MESFET, resulted in a complete elimination of side-gating. Sub
sequently, Lin et al (83) demonstrated the use of LTG-GaAs to eliminate 
side-gating in HEMTs; however, they also discovered that non-optimized 
LTG-buffer structures resulted in outdiffusion of defects from the LTG 
buffer to the active regions, resulting in degradation of the high-frequency 
performance. Lin et al (83) used a multi-substrate temperature procedure 
during MBE of the buffer regions to minimize this effect. Solomon et al 
(84) also have used a LTG-GaAs layer to reduce back-gating in GaAs 
semiconductor-insulator-semiconductor FETs (SISFETs). 

Another application of L TG-GaAs for MESFETs was the placement 
of the LTG-GaAs region on top of the MESFET channel to improve the 
breakdown voltage (46). Lin et al (46) discovered that they needed a 20-
nm AlAs layer between the LTG-GaAs and the n-GaAs channel to prevent 
arsenic and Ga-vacancy diffusion from the L TG-GaAs layer into the n
GaAs channel, which would compensate the channel. Substantial enhance
ment of the breakdown voltage was achieved without degradation of the 
drive capability of the MESFET. 

The semi-insulating properties have also been used for isolation in 
optical devices. Subramanian et al (85) have demonstrated the utility of 
GaAs : As for isolation between tandem solar cells. There have also been 
many demonstrations of the applications of GaAs : As as a current-block
ing layer in diode lasers (86-88). 

Photoconductors 

Because these composites are semi-insulating, exhibit reasonable mobili
ties, and in some cases subpicosecond lifetimes (77-79), they are attractive 
materials for applications where one needs a high-speed photoconductor. 
GaAs : As has been used as the photoconducting switch to launch freely 
propagating electromagnetic pulses (79-8 1) .  The freely propagating 
electromagnetic pulses have applications for radar systems. Rahman et al 
(8 1 )  have used LTG-GaAs to photoconductively switch coplanar-strip 
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antennas to generate picosecond bursts of freely propagating electro
magnetic energy, which was used for measuring target resonances. 

Because the arsenic precipitates form embedded Schottky barriers, it is 
possible to detect light with photon energies below the band gap of the 
semiconductor matrix, relying on internal photoemission from the arsenic 
precipitates. Using this concept, GaAs-based p-i-n photodiodes have been 
demonstrated with reasonable room-temperature responsivities out to 1 .7 
,urn by incorporating a composite as the i-layer (89, 90). The below-band
gap responsivity is the result of internal photoemission from the arsenic 
precipitates in the i-layer. This below-band-gap response is illustrated in 
Figure 32 for a GaAs (25) and an AIGaAs (9 1 )  p-i-n diode. The i-layers in 
these two diodes were grown at 250°C to incorporate excess arsenic. Upon 
raising the substrate temperature to 600°C to grow the top p-Iayers, the 
excess arsenic precipitates, forming the composite i-layer. Linear extra
polation of the curves in Figure 32 results in internal barrier heights of 0.7 
eV for GaAs : As and 0.94 eV for Alo.2sGao.7sAs : As. 

Below band-gap, metal-semiconductor-metal photodetectors (MSM
PDs) on GaAs : As have also been investigated (92). The MSM-PD was 
buried within a ground-signal-ground coplanar stripline, with the TijPt/ Au 

2 0 
N T = 295 K 
.... 
.... 

I ph 1 /2 0<: (hy - $bn) -
Q) 1 5  In 
c 
0 
Co GaAs:As In 1 0 Q) 
... 
0 Alo.25G aO.75As: As -
0 

� � 5 D. 
-

o 
0 . 6  0 . 7  0 . 8  0 . 9  1 1 . 1 1 . 2 

Energy (eV) 
Figure 32 Photoresponse vs photon energy for two PiN diodes. One p-i-n diode has an i
layer of GaAs containing arsenic clusters, and the other has an i-layer of Alo.25Gao.75As 
containing arsenic clusters. The p- and n-regions are normal highly stoichiometric materiaL 
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592 MELLOCH ET AL 

MSM-PD fingers and striplines defined in one mask step. The detector 
area was 75 x 75 j1m2, with finger spacing of 3 j1m. The optical excitation 
used was 1 .3-j1m pulses of width 700 to 900 fs. The generated electrical 
pulse was coupled into a 40 GHz Tektronix sampling head. The total 
system rise time was 1 3  ps. The measured pulse response was at the system 
limit, with 10  to 90% rise and fall times of about 14 ps, independent of 
bias from 2-35 V. Integration of the pulse produced an estimated respon
sivity of 0.25 mA/W. By deconvolving the response of the probe and the 
scope from the temporal measurement, a detector bandwidth well beyond 
50 GHz was estimated. 

Although light below the band gap of the semiconductor matrix can be 
detected by internal photoemission from the arsenic clusters, the respon
sivity is low because of the low absorption of the incident photons. 
Recently, devices have been exhibited that use internal gain to increase the 
responsivity. One was a HEMT version, where the HEMT channel was 
grown at low temperatures and thus contained arsenic clusters (93). The 
other was a photoconductor with an n-GaAs : As channel and ohmic 
contacts separated by 1 jlm, as illustrated in Figure 33 (94). The device in 
Figure 33 was annealed so that the precipitates coarsen to a point where 
the channel is just depleted. This device exhibits gain for both above- and 
below-band-gap illumination. The gain is a consequence of an increase in 
carrier lifetime due to the band bending present because of the n-type 
doping. For above-band-gap illumination, the holes and electron are sep
arated by the band bending, with the holes going to the precipitates and 
the electrons staying in the conducting channels between the precipitates. 
Similarly for below-band-gap illumination, the electrons emitted from the 
precipitates are contained in the regions between the precipitates due to 

Source 

... , , • J ' .  J " ' ." ,. " ." , • J ' . J ' ... 

Drain 

... , 
, • J , .... 'J ' • J ... , 

... �' ... "' "  ' ... ... ! • J n-GaAs:As 
, ... ... " ... , h I , • J ' .  J I .  J I • J '" I • J e anne 

' ,., '- ,., " ' .., " 

I·GaAs 

Figure 33 Cross section of metal-semiconductor-metal photoconductor showing depletion 
regions surrounding the arsenic precipitates in the channel. 
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the band bending. This effectively increases the lifetime of photogenerated 
electrons because the electrons are prevented from recombining at the 
precipitates by internal electric fields, thus resulting in a photoconductive 
gain effect. The greater the density of photogene rated electrons, the smaller 
the effective increase in electron lifetimes because the higher hole con
centration on the precipitates reduces the band bending. Therefore, one is 
trading bandwidth for gain (responsivity) with these devices. Shown in 
Figure 34 is the photocurrent as a function of bias, with illumination 
power as a parameter, for 850-nm illumination (Figure 34a) and for 950-
nm illumination (Figure 34b). The saturation in the photocurrent is caused 
by velocity saturation. The responsivity as a function of wavelength is 
shown in Figure 35 with optical power as a parameter. The responsivity 
varies considerably with input power, which indicates that the gain of the 
device varies with input power, consistent with the argument above for 
the decrease in carrier lifetime with increase in illumination intensity. 

Nonlinear Optics 
LTG technology has opened the door to a new class of nonlinear-optical 
applications, called photo refractive nanostructures, that require semi-insu
lating quantum well structures. Photorefractive quantum wells (95-98) are 
photo-active semiconductor thin films that can be used to record time
varying holograms. Such dynamic holographic media will form the core 
of future imaging applications that range from parts inspection on 
assembly lines, to error removal in high-data-rate fiber telecom
munications, to information processing in optical computers. 

LTG materials have moved into several key functional roles in the 
designs of photorefractive nanostructures. The value of the LTG material 
for holography lies in their high defect densities and their ultrafast carrier 
lifetimes. One of the most important issues during hologram recording is 
the density of optical information storage. This data density is limited 
primarily by carrier diffusion, with the minimum data spacing given by 
L = 2nLD, where LD is the diffusion length. The ultrafast lifetimes in LTG 
layers (82) produce ultrashort diffusion lengths down to 0.1 I'm, yielding 
two-dimensional data densities of 3 x 108 bits/cm2• These high data den
sities were demonstrated experimentally in LTG GaAs thin films (99). 

In photorefractive experiments, the LTG layer performed as the short
transport-length material as well as an electro-optic layer. Photorefractive 
effects need electro-optic effects such as electric field-induced changes in 
the exciton absorption. But the excitonic transitions in LTG materials 
with large excess arsenic concentrations are severely broadened, making 
them appear less useful for electro-optic applications ( 100). However, it 
was discovered that the excitonic transitions in strongly annealed LTG-
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1 5 

850 nm illumination 
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� :::I (.) 0 . 5  

0 
0 1 2 3 4 5 

( b ) Voltage (V) 
Figure 34 Current-voltage characteristics of the Figure 23 photodetector with l -J.lm finger 
spacing under (a) 850- and (b) 950-nm illumination. 

AIGaAs were particularly sensitive to applied electric fields, producing 
large electro-optic effects at low field strengths that exceeded the quantum
confined Stark effect at comparable fields, as shown in Figure 36 ( 1 0 1 ,  
1 02). The excitons i n  t h e  LTG material responded to applied electric fields 
as if a much larger field had been applied. It has been suggested (92, 
1 03) that the arsenic precipitates become high ly charged during current 
transport, leading to internal microfieJds that can significantly exceed 
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• 1 0  JlW 
• 1 00 JlW 
• 1 mW 

800 850 900 
Wavelength (nm) 

950 

Figure 35 Responsivity vs wavelength of the Figure 23 photodetector with optical power 

as a parameter. 

0.4 

0.2 

0.0 L--a::;;;;;;:;;::;::::��������J 
I 
I 
I " -0.2 
- - - Stark Effect (SO kVlcm) 
-- AIGaAs:As (10 kVlcm) 

-0.4 L.......t.......&...-'-*-"L.......t.......&...-'-*-"L......I..� ........ .&.....IL......I..� ......... .&......J 
-0. 1 0  -0.05 0.00 0.05 0.1 0 

E - Eex (eV) 
Figure 36 Comparison of the quantum-confined Stark effect in a high-quality, highly 

stoichiometric multiple-quantum well structure and in an AlGaAs epilayer containing arsenic 

clusters. 
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macroscopic fields. This electro-optic mechanism represents a fundamental 
departure from traditional electro-optic mechanisms that rely entirely on 
macroscopic fields. Furthermore, the broadened excitons in the LTG 
materials lead to broad-band electro-optic modulation, which can be 
important for femtosecond pulse applications ( 104), or for other broad
band applications such as wavelength-division multiplexing. 

More complicated photorefractive quantum wells structures have 
recently incorporated LTG layers as ultrafast trapping layers to store 
space charge (1 05, 1 06). The LTG layers in these structures were not used 
for electro-optic properties. Traditional high-temperature grown quantum 
wells provided quantum-confined excitons with large quantum-confined 
Stark effects. These quantum wells required proton implantation to make 
them semi-insulating, which complicates the device processing. Recent 
studies of LTG multiple quantum wells grown at moderate temperatures 
( 1 07) have exhibited extremely sharp excitonic transitions, with large quan
tum-confined Stark shifts that produce absorption changes up to 
Aex = 9000 cm - I .  This ability to grow high-quality semi-insulating 
multiple quantum well structures with sharp excitonic features had been 
an elusive goal. The discovery of sharp spectra in LTG quantum wells 
makes this material an important new option for many electro-optic 
applications. 

Non-Alloyed Ohmic Contacts 
The dominant contact technology for GaAs-based devices includes an 
alloying step, which makes these contacts unsuitable as optical mirrors. 
Yamamoto et al (1 08) have shown that ex situ non-alloyed contacts can 
be formed on LTG-GaAs with a specific resistivity of 1 .5 x 10- 3  Q-cm2. 
Patkar et al ( 109) have further developed non-alloyed contact technology 
based on LTG epilayers for both p- and n-GaAs, demonstrating a three
order-of-magnitude reduction in specific contact resistivity to n-GaAs as 
compared with results from Yamamoto et al ( 108). The fact that these 
contacts are non-alloyed opens the possi bili ty of their use as optical mirrors 
in applications such as solar cells, light-emitting diodes (LEDs), and ver
tical-cavity surface-emitting lasers (VCSELs). 

Low-temperature growth has been used in the past to improve the Be
doping efficiency in GaAs (1 1 0) and InGaAs devices ( 1 1 1 , 1 1 2). When 
doping GaAs p-type with Be during MBE, hole concentrations greater 
than 1 020 cm-3 can be achieved with substrate temperatures in the range 
of 300 to 400DC due to a slight arsenic excess in the epilayer. If this LTG 
p-GaAs is annealed subsequently, with an arsenic over-pressure, the excess 
arsenic in the bulk ensures that any interstitial Be atoms are driven onto 
acceptor sites, whereas the excess arsenic should go onto regular arsenic 
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sites in the lattice. A non-alloyed ohmic contact is readily formed when 
metal is deposited on such a heavily doped layer due to holes tunneling 
through the narrow depletion region. Patkar et al ( 109) have demonstrated 
tunneling contact resistances of < 10-6 Q_cm2 to such LTG-p-GaAs epi
layers. 

Achieving high n-type doping concentrations is more difficult than 
achieving high p-type concentrations in bulk GaAs. Silicon is the typical 
n-type dopant used in MBE of GaAs. In a depletion region, Si atoms on 
Ga sites (the donor site) can approach 1020 cm-3, which is the case for the 
near-surface during MBE ( 1 1 3). However, the electron concentration in 
the bulk of the GaAs-below the surface depletion region-reverts to 
only 5 x 1 018 cm -3 because of a large fraction of the Si atoms switching to 
arsenic sites. Upon removal from the MBE system and exposure of the n
GaAs surface to the atmosphere, the near-surface, heavily n-doped region 
oxidizes-unlike a heavily p-doped GaAs surface that is resistant to oxi
dation. A metal deposited on this oxidized, n-GaAs surface will not form 
an ohmic contact. Patkar et al ( 109) have found that a thin, 1 - to 2-nm 
undoped GaAs layer that contains about 1 % excess arsenic can be used 
to protect the > 1020 cm-3 donor density GaAs region. After air exposure 
of these surfaces, deposition of Ti, Ag, or Au results in ohmic contacts 
with a specific contact resistance of < 10-6 Q-cm2. 

SUMMARY 

In summary, GaAs, AIGaAs, and InGaAs epilayers containing excess 
arsenic are interesting new materials. The nature of the material can be 
dramatically changed by annealing from a material with large con
centrations of point defects to a two-phase system of metallic arsenic 
clusters in an arsenide semiconductor matrix. The two-phase form shows 
promise for many electronic and optoelectronic applications. 
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Any Annual Review chapter, as well as any article cited in an Annual Review chapter, 
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