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Abstract

Vertical zone melt (VZM) bulk GaAs boules have been
zone refined (ZR) and zone leveled (ZL) to reduce EL2 deep
donor levels and impurity concentrations with the intent of
improving properties for gamma ray detectors. ZR and ZL
GaAs boules had background impurity levels and deep donor
EL2 concentrations near or below detectable limits. The
crystal mosaic of the material at locations near the seed end
was slightly superior to commercial liquid encapsulated
Czochralski (LEC) material, and nearly equivalent to
commercial vertical gradient freeze (VGF) material. The
crystal mosaic in ZL material degraded towards the tail end.
The homogeneity of the electrical properties for the ZL and
ZR VZM material was inferior compared to commercially
available bulk GaAs material. Post growth annealing may help
to homogenize some electrical properties of the material. The
charge collection efficiency of the ZR GaAs detectors was
only 30% maximum, and only 25% maximum for the ZL
GaAs detectors. Resulting gamma ray spectra was poor from
detectors fabricated with the ZL or ZR VZM material.
Detectors fabricated from material that was both ZR and ZL
did not demonstrate gamma ray resolution, and operated
mainly as counters. The poor spectroscopic performance is
presently attributed to the inhomogeneity of the electrical
properties of the ZR and ZL GaAs materials. Comparisons are
made with detectors fabricated from VGF SI bulk GaAs.

[. INTRODUCTION

Numerous research organizations have been investigating
applications for bulk GaAs in radiation detection and
measurement [1]. Reverse biased Schottky barrier and p-i-n
diodes fabricated from unintentionally doped semi-insulating
(SI) bulk GaAs were found to have peculiar problems with the
electric field distribution, in which the electric field was split
into a high field region and a low field (or no field) region [2,

" Dr. Ching L. Wang passed away on July 15, 1994.

3]. The high field region increases linearly with applied
voltage, requiring approximately 1 volt per micron of active
region. The resulting electric field distribution creates a
condition in which only the high field region is sensitive to
gamma ray interactions. As a result, the required applied
voltage is excessive for such small detectors, in which it is
necessary to apply 1000 volts to extend the active region
across a | mm thick device.

It is presently believed that electrical effects from native
deep level centers in the material are, to some degree,
responsible for the truncated electric field effect [2, 4, 5]. The
material is made semi-insulating by a carefully controlled
balance between native deep donor defect levels (denoted EL2
[6]) and residual shallow acceptor and donor impurities. Much
evidence indicates that the EL2 deep donor level is affiliated
with the arsenic antisite defect [7, 8]. Unintentionally doped
ST bulk GaAs is presently grown slightly arsenic rich to ensure
EL2 deep level concentrations are large enough to provide
appropriate compensation of shallow levels [9]. Generally, the
residual shallow acceptor concentration is greater than the
residual shallow donor concentration, hence the use of deep
donor compensation. Controlling the ratio and lowering the
concentration of the EL2 deep donor defect could effectively
improve the electric field characteristics by reducing the
required operating voltage.

One method of lowering the EL2 concentration is by using
a Ga zone leveling process. Zone refinement can reduce
residual contaminant impurities. Zone leveling and zone
refinement of bulk GaAs may be techniques allowing for
further control over the impurity ratio and the EL2
concentration in bulk GaAs material, thereby improving the
electric field characteristics of the material. The vertical zone
melt technique (VZM) is a bulk crystal growth method that
allows for both zone leveling and zone refinement {10, 11].
Discussed in the following are the results of a one year study
of custom grown zone refined and zone leveled VZM bulk
GaAs analyzed for gamma radiation spectroscopy.
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II. ANALYSIS OF MATERIAL

Three boules of VZM material have been investigated, of
which one was zone refined (boule 6-57-H), one zone leveled
(boule 6-65-H), and one both zone refined and zone leveled
(boule 6-90-H). The custom grown VZM GaAs boules were
not post growth annealed, which is standardly done with
commercial GaAs boules to enhance material uniformity. It
was decided that the characteristics should first be studied on
non-annealed material in order to understand the effects of
zone refining and zone leveling. Samples from each boule
were analyzed for impurity concentration, photoluminescence
(PL), thermally stimulated current (TSC), EL2 concentration,
photocurrent, etch pit density (EPD), crystallinity, and
macroscopic stochiometry. Detectors were also fabricated
from representative samples of the boules.

A. Impurity Concentration

The samples were analyzed using ICP/MS and secondary
ion mass spectroscopy (SIMS) with oxygen for n-type species
and cesium for p-type species. Most of the species were well
below detection limits, except for boron which was found in
high concentration. However, it is not surprising to find boron
in the material since the VZM GaAs growth technique utilizes
BN crucibles. The major p-type dopants that generally
dominate are carbon and zinc. Carbon was below the
technique detection limit (generally < 10'%/cm?). The oxygen
bombardment for zinc has a detection limit of 1017/cm3, which
is higher than usual concentrations. Cesium bombardment can
reduce the detection limit to 10"/cm’ for zinc impurities,
which is presently under reinvestigation. Ultimately, the bulk
GaAs is fairly pure by average standards. However, the low
concentrations of impurities, being below detectable limits, do
not yield information regarding the effect of the zone
refinement process.

B. Triaxial X-ray Diffraction Analysis (TAD)

The crystal mosaic was investigated using triaxial X-ray
diffraction (TAD)[12]. Shown in Fig. 1 are X-ray rocking
curves for GaAs samples from ZR (6-57-H), ZL (6-65-H), and
ZR/ZL (6-90-H) boules. The FWHM is wider than observed
from the VGF standard, indicating that the crystalline mosaic
near the surface is better for the VGF standard than any of the
three types of VZM ingots measured. Since the technique is
limited to sampling shallow depths, the exact cause of the
wider TAD peaks for the VZM material is not yet isolated. In
other words, the rocking curves could be wider for the VZM
ingots due to stresses induced during the zone refining or zone
leveling processes, or excessive subsurface damage may have
occurred during sample preparation (slicing and polishing).
However, the general trend demonstrated wider FWHMSs for
rocking curves of samples taken near the tail end as opposed
to the seed end, indicating that the wider FWHMSs are related
to the bulk crystal rather than surface preparation. VZM
samples near the seed end of the crystals have thinner

FWHMs than average SI LEC bulk GaAs, indicating a slightly
better crystalline mosaic than typical commercial grade LEC
GaAs. However, the ZL and ZR/ZL VZM samples closer to
the tail end generally have much broader peaks than average
LEC material. One can observe two points - (1) the mosaic
near the seed end of the ZL and ZR/ZL. VZM material starts
off good, but deteriorates through the growth, and (2) a large
change in the crystalline mosaic is present from seed to tail,
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Fig. 1. X-ray diffraction rocking curves taken from custom grown (a) ZR, (b)
ZL, and (c¢) ZR/ZL SI bulk GaAs VZM boules. Also shown in (c) is a
rocking curve taken for commercial VGF material.



especially in the ZR/ZL ingot. Since the ZR VZM ingot did
not display as severe a degradation in the crystal mosaic from
seed to tail, the zone leveling process becomes suspected of
the cause. The TAD results revealed no variation in lattice
parameter from seed to tail for any of the samples.

C. Photoluminescence (PL)

Photoluminescence was used to study impurity levels in
the material. Samples were cooled to 4.2 K with liquid helium
in a variable temperature cryostat and illuminated with the
514.5 nm line of an argon ion laser or alternately with the
632.8 nm line of a He-Ne laser. The laser spot excited an area
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of several square millimeters. The emitted radiation was
detected using a 0.85 m double pass spectrometer coupled to a
photomultiplier tube with an S20 response. The signal was
analyzed with a photon counter.

Spectra taken at three points on each of six samples are
shown in Fig. 2. The insets show the approximate test
locations on the samples. The peaks have been labeled
according to published data [13]. The principal peaks are a
free-exciton peak (X) at 1.5156 eV, a neutral acceptor-bound-
exciton peak (AO,X) at 1.5128 eV, a band-to-acceptor peak
(B-A,) at 1.494 eV, and two donor-acceptor peaks (D-A; and
D-A,) at 1.490 and 1.487 eV, respectively. It is believed that
acceptor level A, is due to carbon and acceptor level A, to
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Fig. 2. Photoluminescence spectra from boule 6-57-H (ZR), boule 6-65-H (ZL), and boule 6-90-H (ZR/ZL). The zone refined samples were located (left) 8.25
cm and (right) 13.75 cm from the seed. The zone leveled samples were located (left) 7.23 cm and (right) 10.7 cm from the seed. The zone refined/zone leveled
samples were located (left) 7.73 cm and (right) 9.18 ¢m from the seed. In alf cases, the PL spectra is much more distinct near the seed end than the tail end of

the boule.
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zinc. One of the ZR/ZL samples also exhibited a small neutral
donor-bound-exciton peak (D% X) at 1.514 eV. Most samples
showed a peak at 1.454 eV which we identify as a LO-phonon
replica of the D-A, peak, and one ZL sample exhibited an
unidentified broad peak at 1.444 eV.

The maximum PL intensity varied by about a factor of 2
from point to point on many of the samples; for one ZR/ZL
sample the variation was almost an order of magnitude. In
most cases the point nearest the center of the wafer had the
highest integrated PL intensity. Points near the center were
also more likely to exhibit strong exciton-related peaks. Both
of these indicators suggest higher material quality near the
center of the wafer. In some ZR and ZL samples, the spectra
are dominated by a single broad peak at 1.49 eV, suggesting a
reduction in band-to-acceptor transitions.

Generally speaking, any material non-uniformities (such as
with point defects, lattice damage, dopant centers, etc.) can
contribute to the broadening of near band edge luminescence
features. Thus the most uniform and defect free material will
yield narrower luminescence lines in the near band edge
region. Taking the overall sharpness of the spectrum as a
measure of the material quality, we conclude that the material
which was zone leveled nearest the seed (7.23 cm) is of higher
quality than the zone refined samples. The material that was
both zone refined and zone leveled demonstrated more distinct
PL spectra for a sample nearest the seed (7.73 c¢cm) than the
tail. In fact, VZM samples nearest the seed end generally
demonstrated a trend of more distinct PL spectra than samples
further towards the tail.

D. PIXE Analysis

Particle-induced  X-ray emission (PIXE) is a
nondestructive analysis technique that was used to measure
near surface impurities in the detectors. The technique allows
for spot inspection of the wafer surfaces. Measurements on
VZM samples indicated good stochiometry between Ga and
As on a macroscopic scale. Other elements observed were
either part of the contact (Au, Ti), or artifacts from the test
chamber. Impurity concentrations were determined to be
below detectable limits. Unfolding programs indicate a 50/50
ratio between Ga and As within the statistical limits of the
technique.

E. EL2 Measurements

IR transmission EL2 measurements using a two
wavelength (1.1 and 1.2 um) absorption technique were used
to determine the total, neutral, and ionized EL2
concentrations[14,15]. Sample wafers from the zone refined
boule (6-57-H) located at 8.83 cm and 14.62 cm from the seed
end were studied. The EL2 concentrations found in the ZR
VZM material were very low, and were at the detectable limits
of the technique. The transmission values at 1.1 um are near
53%, indicating wvanishing absorption as predicted for
vanishing EL2. The EL2 levels in the ZR VZM material must
be in the low 10"°/em’ range or below. Irregular transmission

patterns were observed through the material and may be due
to inhomogeneity of the EL2 centers or surface damage from
polishing. The features appear similar in both samples,
although they were 6 cm apart in the boule, which tends to
indicate a bulk effect rather than a surface effect.

ZL VZM wafers from locations 7.35 c¢cm and 10.95 c¢m
from the seed end of boule 6-65-H were examined. The
centroid of the EL2 distribution for the 7.35 cm location is 6.3
x 10”/cm’, which is lower than generally found for semi-
insulating VGF or LEC material. The EL2 distribution is
fairly uniform for the 7.35 cm slice. The EL2 distribution over
the 10.95 cm slice was not very uniform, with an average
value approaching 10"/cm’. The variation ranges from low
10%/cm’ to 10'%/cm’, and inhomogeneities in the distribution
were evident. It should be noted that boule 6-65-H became
polycrystalline at location 11 cm, and the severe EL2
nonuniformity (inhomogeneity) could be a related effect.

ZR/ZL VZM wafers from locations 7.13 cm and 8.45 cm
from the seed end of boule 6-90-H were examined. The
central location of wafer 7.13 cm indicated low EL2 in the
low 10"/cm’ range. The outer edges of the wafer show EL2
approaching 7 x 10"/cm’. The basic distribution indicates a
slowly changing EL2 concentration from edge to center.
Wafer 8.45 c¢cm had a very inhomogeneous distribution of
EL2, ranging from 10%/cm’ to 7 x 10”/cm’ with an average
of 45 x 10"/em’. The EL2 distribution over the wafer
changes dramatically from wafer 7.13 cm to wafer 8.45 cm
(which are only 1.3 cm apart on the boule), which indicates
difficulties were encountered with retaining EL2 homogeneity
during the ZR/ZL growth process.

In all cases, the EL2 concentration was significantly
reduced. Since much of the material remained semi-insulating,
it is assumed that the p-type impurity concentration is lower
than the EL2 concentrations. It is uncertain as to whether the
low impurity concentrations are directly related to the zone
refining. The EL2 concentrations were inhomogeneous for the
zone leveled boules, indicating some difficulty with
maintaining uniformity of EL2 through the Ga zone leveling
process. The boules also tended to turn polycrystalline
towards the tail end during the zone leveling process, again
indicating problems with maintaining control over the
crystallinity during zone leveling.

F. Dislocation Density

The dislocation density (etch pit density) is low for the ZR
material and is similar in concentration to VGF material. The
dislocation density ranges from 1.8 x 10°/cm” for wafer 8.83
em to 3.5 x 10°/cm” for wafer 14.62 cm. The dislocation
densities are much lower than found for typical SI LEC bulk -
GaAs material (see Table 1), which is most likely due to the
lower thermal gradient during the VZM growth process. The
dislocation densities across the ZR VZM wafers are also fairly
uniform. :

For the ZL VZM material, wafer 7.35 cm has a low
dislocation density (near 2 x 103/cm2), and the uniformity is
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Table 1
Properties of the Bulk GaAs Material

Avg. HP LEC

Avg. LIPLEC Aveg. VGF ZRVZM (6-57-H)

ZLVZM (6-65-H) ZR/ZL VZM (6-90-H)

Location (distance

from seed in cm) NA NA NA
TAD FWHM (arcsecs) 8.0 8.0 3.9
Location (distance

from seed in cm) NA NA NA
EL2 (10"%/cm?)

sample 1

sample 2

average 8.6 9.1 7.5
EPD(10%cm?) 13.1 22.4 0.21
Location (distance

from seed in cm) NA NA NA
p (107 Q-cm) 5.74 4.91 8.31
n (10"7em’) 2.19 2.03 2.85
1 (em*/V-s) 6910 7120 6430
T,/Ts 2.99 2.62 2.46

sample 1

sample 2
Ly (RA) 222 219 109

sample 1

sample 2
Activation Energy (eV) 0.78 0.78 0.78

sample 1

sample 2

*very inhomogeneous
bdl = below detection limits
unc = uncertain

similar to the ZR boule (6-57-H). Wafer 10.95 has a much
higher dislocation density near 9 x 10°/em’, which tends to
indicate more grown in stress. The standard deviation is
approximately 93%. Odd patterns were apparent in the
dislocation density of wafer 10.95, which is near the location
where the boule turned polycrystalline, also a sign of grown in
stress.

The dislocation densities were higher for wafers 7.13 cm
and 8.45 cm from the ZR/ZL VZM boule (6-90-H) than the
ZR and ZL boules. The indication is that there is more stress
in the ZR/ZL material. Additionally, odd features could be
seen in the dislocation pattern, and the dislocation distribution
was very inhomogeneous. Comparisons between the custom
grown VZM, commercial VGF, and commercial LEC GaAs
material are shown in Table 1.

NA = not applicable

G. Electrical Measurements

1. Thermally stimulated current

T, and T, are prominent thermally stimulated current
(TSC) peaks, and increasing T,/T; ratios denote increasingly
arsenic rich material [16]. TSC measurements indicated that
the VZM material is not as arsenic rich as commercial VGF or
LEC GaAs material. Such findings are in agreement with the
low values for EL2 concentrations.

The T,/T; ratios for the ZR boule were approximately 1.4
for wafers 8.97 cm and 14.04 cm, indicating an overall

8.54 14.19 7.23 10.70 7.73 9.18
7 7 5 11 7.5 10
8.83 14.62 7.35 10.95 713 8.45
6.3 10.0 3.7 4.2
8.7 7.0 4.4 1.7
bdl bdl 5.0 *5.5 4.5 *45
0.18 0.35 0.19 0.91 1.2 1.0
8.97 14.04 7.75 10.45 7.44 8.74
3.99 9.83 10 *.03 *02 *1.0
3.13 1.17 0.9 *7000 unc *100
5010 5430 6800  *300 unc *400
1.44 1.41 1.44 1.95 0.56 0.49
1.67 unc 0.79 unc
14.1 7.92 0.15 0.098 0.052 0.34
0.05 0.020 0.275 unc
0.73 0.70 0.76 0.76 0.74 0.75
0.76 0.45 0.74 0.09

reduction in arsenic richness as compared to commercial
GaAs material. The average ratio for the ZL. VZM material (6-
65-H) ranges between 1.4 to 1.9. The dark current was very
high for ZL VZM (6-65-H) sample 2, wafer 10.45 cm, hence
the T,/T; ratio was uncertain. The higher dark current could
be a consequence of incomplete compensation due to the very
low EL2 concentration. The magnitude of the T; peak is
actually higher than the T, peak for the ZR/ZL VZM material
(6-90-H), which indicates very low arsenic richness. The EL2
IR transmission data indicates that the average EL2
concentrations are a bit higher in the ZR/ZL material than the
ZR boule, yet the T,/T; ratio indicates that boule 6-90-H has
the lowest arsenic richness (and possibly EL2). The difference
could be related to the inhomogeneous electrical
characteristics of the material, or that the EL2 concentrations
are near the detection limit of the IR technique. Regardless,
the T,/T; ratios indicate lower arsenic richness for all of the
VZM samples than typical commercial SI GaAs material.
Comparisons between the VZM GaAs, average VGF GaAs,
and average LEC GaAs material are shown in Table 1.

2. Electron mobility

At values near 5000 cm’/V-s, the carrier mobility is much
lower in the ZR VZM GaAs material than ordinarily observed
from commercial VGF or LEC GaAs material. A sample from
wafer 7.75 cm of the ZL VZM material demonstrated mobility
similar to commercial material, however a sample further



1402

down the boule at location 10.45 cm had unusually low
electron mobility at only 300 cm’/V-s. The mobility
measurements performed on the ZR/ZL VZM material
indicated very low mobility on the average. Also, the serious
mobility inhomogeneity of the ZR/Z1. VZM material rendered
the mobility measurements unreliable for some samples. The
lower mobility is due to inhomogeneous conduction rather
than high defect or impurity concentrations. As stated earlier,
the inhomogeneity of the electrical properties of the ZR, ZL.,
and ZR/ZL VZM GaAs material is seriously detrimental to
radiation spectrometer performance. Table 1 shows a
comparison of the mobility results from the samples.

3. Resistivity

The wafers, on the average, remained semi-insulating,
which implies that the material is compensated. Therefore, the
residual net acceptor concentration must be very low.
Resistivities for the boules all showed variation from the seed
to the tail end. Measurements on the wafers indicate large
resistivity variations across the sample surfaces. These
variations differ according to the growth technique used.

The ZR VZM boule (6-57-H) had a variation ranging from
4 x 107 Q-cm (wafer 8.97 cm) to approximately 10° Q-cm
(wafer 14.04 cm). The ZL. VZM material (6-65-H) changed
from semi-insulating near the seed to conducting toward the
tail. Wafer 7.75 cm from the seed end had an average
resistivity of 10% Q-cm, but wafer 10.45 cm from the seed end
had an average resistivity of only 3 x 10° Q-cm. The
resistivity of wafer 10.45 cm was also very inhomogeneous.
The lower resistivity and the inhomogeneous distribution
indicates incomplete compensation for the boule as the crystal
progressed from seed to tail. The ZR/ZL VZM material (6-90-
H) was the most inhomogeneous of all, with resistivity
ranging from low 10° Q-cm to 107 Q-cm over the samples.
The measurements were unreliable, hence a true measure of
the resistivity is difficult to report. It is possible that the
material was semi-insulating in some regions while being
conductive in others. Regardless, it appears that the
compensation was incomplete and inhomogeneous for the
ZR/ZL VZM samples.

Inhomogeneous resistivity is clearly a problem from the
standpoint of semiconductor detector performance. Not only
does it pose a problem with conduction paths and space
charge, but also with additional imposed fluctuations with
carrier transit. Hence, it is detrimental to resolution, especially
for deeply penctrating radiation such as gamma rays.

4. Electron carrier concentration

The electron carrier concentration varies in all the boules
as does the resistivity. The electron density was fairly low in
the ZR VZM material, most likely a result from reduced EL2
deep donors. The measured electron density was high for
wafer 10.45 cm in ZL VZM boule 6-65-H, and is thought to
be a consequence of a high concentration of 0.45 eV donors.
This correlates with resistivity measurements, in which it is
thought that the 0.45 eV donor is higher in concentration than

the background shallow acceptor concentration in localized
regions. The ZR/ZL VZM boule (6-90-H) had very
inhomogeneous  electron  concentrations, resulting in
unreliable results. Also, some of the material demonstrated
conducting properties rather than semi-insulating properties,
which is in agreement with the resistivity measurements.

5. Photocurrent

The photocurrent (I;,) values were very low, indicating the
presence of large concentrations of recombination centers.
Comparisons between the VZM material, commercial LEC
material, and commercial VGF material are shown in Table 1.
As can be seen, the photocurrent is much lower for the ZR,
ZL, and the ZR/ZL VZM material than typical VGF or LEC
material. The lowest photocurrent measured was from zone
leveled material, in which the photocurrent for some samples
was only 0.2 pA (as compared to 220 pA for typical LEC
material). It is believed that the centers are in the bulk rather
than the surface since 1.45 ¢V light will penetrate through
most of the sample at 83K. The presence of high
recombination center concentrations can severely affect
carrier transport in radiation detectors, and will definitely
render position dependent charge collection which severely
compromises detector energy resolution [17]. The nature of
the defects (point or large defects) is presently uncertain.

[II. DETECTORS AND PERFORMANCE

All material, both commercial and custom VZM, were
polished and handled under the same conditions to reduce
erroneous conclusions regarding the influence of processing
on detector performance. Wafers from VZM ingots 6-57-H
(ZR), 6-65-H (ZL), and 6-90-H (ZR/ZL) were sliced into 1.2
mm thick wafers with a I.D. saw (250 micron Kerf). One side
of the wafers were lapped with 3 micron alumina grit until
350 microns were removed. Preliminary polishing was
performed on all samples (VZM and VGF material) with 0.3
micron alumina suspended in a sodium hypochlorite solution.
Final chemical polishing was performed with 0.25%
bromine/methanol solution. The wafers were etched in a light
H,0:H,0,:H,SO, 320:1:1 solution. Two basic detector
designs were fabricated, those being simple Schottky barrier
designs and p-type AlGaAs barrier designs.

A. Schottky Barrier Detectors

The polished side of the wafers were coated with PECVD
Si;N, at 250°C. The wafers were patterned with photoresist
and the nitride was reactive ion etched (RIE) to the bare GaAs
surface. Si n-type implants were performed, followed by an
anneal in forming gas at 800°C for 15 seconds. The wafers
were repatterned and Pd/Ge layers were deposited over the
implanted areas to form non-spiking n-type ohmic contacts
[18]. Annealing was performed under N, for 30 minutes at
250°C. The wafers were again patterned and Ti/Au layers
were deposited directly over the annealed Pd/Ge contact.



The wafers were mounted ohmic contact down and 400
microns were lapped and polished from the opposite side as
previously described. PECVD nitride was deposited over the
freshly polished wafer and patterned for liftoff. The nitride
was etched to the bare GaAs using RIE. The surface was
treated with a light chemical etch, followed by vacuum
deposition of a thin Ti/Au Schottky contact. The detectors
were cleaved from the wafers and bonded into BN collars. A
cross section diagram of the design is shown in Fig. 3a.

B. AlGaAs Heterostructure Barrier Detectors

A one micron thick MOCVD p-type AlGaAs layer was
grown on a commercial SI VGF GaAs wafer. The AlGaAs
layer was coated with PECVD nitride and then mounted
AlGaAs side down. The opposite side of the wafers were
polished with 0.3 micron alumina grit suspended in sodium
hypochlorite solution, followed by chemical polishing with
0.25% bromine/methanol solution. Si n-type implants were
performed on the polished surface and annealed at 800°C for
15 seconds.

Photoresist was used to protect the nitride covering the p-
type contact locations. The nitride and AlGaAs layers were
reactive ion etched around the contact areas to the bare GaAs
surface, leaving behind mesa AlGaAs structures. The p-type
AlGaAs contact areas were patterned and the protecting
nitride was etched to the bare AlGaAs surface. Au/Be/Au p-
type ohmic contacts were vacuum deposited, followed by an
anneal at 410°C. Pd/Ge layers were vacuum deposited over
the Si implanted areas to form non-spiking n-type ohmic

(a)

BN Collar
Y Si

Ti/Au Schottky
AGEPOYY o Wire

Contact

Pd/Ge Ohmic

Contact n-type Si
Implants
Ti/Au layer
(b) p-type Au/Be/Au .
Ohmic Contact p-type AlGaAs
BN Collar Layer
¥ Guard Ring

Pd/Ge Ohmic .
Contact Au Wire

Ti/Au layer Ag Epoxy

Fig. 3. Basic diode designs for the GaAs detectors. Shown are (a) a simple
Schottky barrier design and (b) a p-type AlGaAs barrier design.

n-type Si
Implants
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contacts. The contacts were annealed as described in the
previous section. Ti/Au layers were subsequently deposited
over the Pd/Ge contact. The detectors were cleaved from the
wafers and bonded into BN collars. A cross section diagram
of the design is shown in Fig. 3b.

C. IV Measurements

Current-voltage measurements for representative samples
are shown in Fig. 4. Fig. 4a shows the absolute current for ZR,
ZL., and ZR/ZL VZM detectors as well as VGF detectors. Fig.
4b shows the current densities for the detectors. The current
density generally ranged from a fraction of a
nanoampere/mm’ at only a few hundred volts bias to a few
nanoamperes/mm” at biases approaching 1000 volts.

The detectors demonstrated strong diode characteristics
with substantially reduced reverse bias leakage currents.
Forward currents were space charge limited with thickness
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Fig. 4. Characteristic reverse bias IV curves for several GaAs diodes of
different thicknesses. Shown are the (a) reverse bias leakage currents and (b)
the reverse bias leakage current densities measured at room temperature
(20°C). Diodes are listed by the barrier type, material type, contact area, and
total thickness.
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dependent trap filled limit voltages (Vqz ) as observed with
previously reported devices [2]. One device fabricated from
VGF material was considerably leakier compared to others,
however it gave much better gamma ray spectroscopic
resolution than all of the other detectors.

The heterostructure barrier detectors withstood the highest
applied voltages reaching the limit of the voltage supply (1000
volts). Fields above 2.5 x 10*V/em were reached, however the
best spectroscopic performance was generally observed at
lower voltages and electric fields (1.1 x 104V/cm). It is clear
that the induced charge from carrier transit through the
applied potential strongly increased in fluctuation, however
the reason is not yet understood. It is unlikely due to leakage
current alone since a considerable increase in applied potential
created only a small increase in leakage current, but a
produced a dramatic change in resolution. Additionally, the
fact that the highest resolution device also had the highest
leakage current indicates that the leakage current in the other
devices is probably not the limiting factor to resolution.

D. Radiation Measurements

Schottky barrier detectors fabricated from the commercial
VGF material demonstrated considerably better gamma ray
resolution than the detectors fabricated from the zone refined
and/or zone leveled VZM material. Poor resolution was
observed from most of the detectors fabricated from the VZM
material, regardless of the growth process. The best charge
collection efficiency (CCE) measured from ZR VZM
detectors (350 microns thick) was only 30%. A 116 micron
thick Schottky barrier detector (area = 12.5 mm”) fabricated
from ZL VZM material demonstrated a typical resolution of
49% FWHM for 122 keV gamma rays (Fig. 5). The poor
resolution is indicative of position dependent charge
collection [17] and large carrier transport fluctuation. The
CCE is poor with a best value of only 25%, which is low
compared to bulk GaAs detectors of similar size reported in
the literature [1]. The spectra taken with ZR/ZL VZM
detectors did not show distinguishable photopeaks, and they
operated primarily as counters. CCE was very poor for the
ZR/ZL VZM devices.

Fig. 6 shows spectra taken with a 380 micron thick p-
AlGaAs barrier detector (area = 12.5 mm?) fabricated from
commercial VGF SI bulk GaAs. The detector demonstrated
room temperature energy resolution of 17.7% FWHM for >'Co
122 keV gamma rays (Fig. 6). The 122 keV gamma ray
resolution is clearly better than the previously described
devices, and is comparable to the present state of the art bulk
GaAs gamma ray detector resolution. Charge collection
efficiency greater than 60% was achieved before
compromising resolution, again demonstrating superior
performance above the ZR and ZL VZM material. Higher
energy gamma ray peaks were evident from '“Ba, in which
the 356 keV peak could be recognized.

A small area (0.48 mmz) Schottky barrier detector
fabricated from commercial VGF SI bulk GaAs demonstrated
room temperature energy resolution of 7.8% FWHM for *’Co

122 keV gamma rays (Fig. 7). Both the 122 keV gamma ray
peak and the 136 keV gamma ray peak are clearly visible.
Additiopally, the same detector yielded good room
temperature energy resolution for "*Ba gamma rays,
demonstrating a resolution of 5% FWHM for 356 keV
gamma rays (Fig. 8). The small detector had a much higher
leakage current and leakage current density than most of the
other detectors tested, yet demonstrated significantly better
resolution. The indication is that the leakage current is not the
limiting factor for resolution with the detectors presently
under investigation.

IV. CONCLUSIONS

Bulk GaAs grown by the vertical zone melt technique has
been investigated for radiation spectrometers. Zone refined
material  (6-57-H) had  significantly reduced EL2
concentrations, and apparently had low residual acceptor
concentrations. TAD measurements indicate that the crystal
mosaic was good, being better than average LEC bulk GaAs,
but slightly worse than average VGF bulk GaAs. The ZR
VZM electrical  characteristics were inhomogeneous,
indicating difficulties with control over the compensation
process between deep donors and shallow levels. The
resulting material produced poor spectroscopic resolution
from detectors, most likely a direct consequence of inferior
charge collection and broad statistical fluctuations in carrier
transport.

Zone leveled material (6-65-H) also had low EL2 deep
donor concentrations, but the EL2 distribution was very
inhomogeneous. The crystal mosaic of samples near the seed
end was fairly good, in which the FWHMs of the TAD
rocking curves were narrower than average bulk LEC GaAs
and slightly wider than average bulk VGF GaAs material.
However, TAD measurements indicated that the crystalline
mosaic was worse towards the tail end, and the FWHM of the
rocking curves became much broader than average bulk LEC
GaAs material. The electrical properties of the material were
inhomogeneous, again indicating problems with maintaining
uniform control over the compensation process. Detectors
fabricated from the material demonstrated poor charge
collection efficiency, and consequently, poor gamma ray
resolution as well.

Material that was both zone refined and zone leveled (6-
90-H) also had very low EL2 concentrations, but the
resistivity and mobility were very inhomogeneous. Some
locations on the samples were actually conducting rather than
semi-insulating. Detectors fabricated from the material
demonstrated very poor charge collection efficiency, which
produced counters rather than gamma ray spectrometers.
Inhomogeneity with the electrical properties is most likely the
cause behind the poor resolution observed. Overall, the
detectors fabricated from commercially available VGF SI bulk
GaAs material outperformed the detectors fabricated from the
ZR, Z1, and ZR/Z1. VZM bulk GaAs.

The crystalline mosaic (crystallinity) was fairly good, the
impurity concentrations low, and the EL2 concentrations were



also low. Whatever effects that crystallinity, impurities, and
EL2 might have on detector performance may have been
reduced in the present case. However, the electrical properties
were inhomogenious compared to typical commercially
available LEC or VGF bulk GaAs. Related consequences are
low photocurrent values (indicating severe carrier
recombination problems), large resistivity variations, large
carrier concentration variations, and large carrier mobility
variations in the material. Such inhomogeneities produce
detrimental effects on radiation spectrometer resolution.

It should be clearly stated that zone refining and zone
leveling of GaAs boules are relatively novel and new
approaches, and they will most likely require much work
before high quality bulk GaAs material that is significantly

better than commercial bulk VGF or LEC GaAs material is

realized. The changes produced over the past year are
significant and are most likely good first steps towards
producing higher quality bulk GaAs material for gamma ray
spectrometers, despite the discouraging results from the
detectors fabricated from the ZR, ZL, and ZR/ZL VZM
material. However, it is difficult to determine the exact impact
that the ZR and ZL' processes can potentially have on overall
material quality until the homogeneity of the electrical
characteristics are brought in line with that of the present state
of the art commercial VGF and/or LEC bulk GaAs material.
Improvement in crystal quality and homogeneity may
include implementing the following procedures. The stress in
the crystal (as observed through TAD) might be reduced by
slowing the growth process down as the boule is pulled
through the high temperature zone. Since the impurity
concentrations and the EL2 concentrations have been reduced,
perhaps the next step towards producing better GaAs for
radiation spectrometers is the introduction of a post growth
anneal program after the boule is finished. The starting
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Fig. 5. Typical room temperature gamma ray spectrum of Co from a 116
micron thick ZL-VZM SI bulk GaAs detector. The detector has low charge
collection efficiency and poor gamma ray energy resolution.
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parameters for such an operation are presently unknown,
hence the boule should be sliced into ingots and the ingots
annealed separately under varying conditions. Afterwards, the
electrical property homogeneity of the boules should be
documented and correlated to device performance. Such a
program may eventually yield the exact parameters needed to
reduce the background impurities and EL2 deep donors while
maintaining high quality crystallinity and good homogeneity
of electrical properties.
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Fig. 6. Room temperature gamma ray spectrum of >'Co from a 380 micron
thick VGF SI bulk GaAs detector. Although the detector is over three times
thicker than the Z1.-VZM detector in Fig. 5, the charge collection efficiency
and gamma ray resolution is much better.
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Fig. 7. Room Temperature gamma ray specttum of Co taken with a
Schottky barrier detector fabricated from commercial VGF GaAs material.
The detector was 130 microns thick and operated at 450 volts applied reverse
bias. Resolution is 7.8% at FWHM.
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Fig. 8. Room temperature gamma ray spectrum of *Ba taken with a Schottky barrier detector fabricated from commercial VGF GaAs material. Shown are
the (a) full spectrum and (b) the higher energy peaks from the source. Best resolution was 5% FWHM for the 356 keV peak. The detector was 130 microns

thick and operated at 450 volts applied reverse bias.
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