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Abstract

GaAs is a wide band gap semiconductor with poten-
tial use as a room temperature radiation detector. Vari-
ous configurations of Schottky diode detectors were fabri-
cated with bulk crystals of liquid encapsulated Czochral-
ski (LEC) semi-insulating undoped GaAs material. Ba-
sic detector construction utilized one Ti/Au Schottky con-
tact and one Au/Ge/Ni alloyed ohmic contact. Pulsed
X-ray analysis indicated pulse decay times dependent on
bias voltage. Pulse height analysis disclosed non-uniform
electric field distributions across the detectors tentatively
explained as a consequence of native deep level donors
(EL2) in the crystal. Pulse height spectra measured from
an ?4!Am alpha particle source at room temperature re-
sulted in resolution ranging from 2.2% to 3.1% at FWHM
for several detectors with a typical resolution of 2.5%. Low
energy gamma rays measured under room temperature op-
erating conditions resulted in observed full energy peaks of
60 keV and 122 keV photons with measured FWHM’s of
22 keV and 40 keV, respectively.

I. INTRODUCTION

The band gap of GaAs is 1.42 eV at room tempera-
ture and is sufficiently wide to allow for its use as a ra-
diation detector at room temperature {1, 2]. The investi-
gation of GaAs as a detector material dates back to the
late 1960s and early 1970s [3, 4, 5]. At that time, bulk
GaAs material was of inferior quality by todays standards
and the most successful of these early detectors were fab-
ricated from liquid phase epitaxially (LPE) grown GaAs
crystals. Unfortunately, LPE grown material was limited
to thicknesses of 100 microns or less, thus limiting de-
tector utilization to charged particle or low energy X-ray
and gamma-ray spectroscopy. Since that time, high qual-
ity semi-insulating liquid encapsulated Czochralski (LEC)
GaAs material has become available from a number of com-
mercial suppliers. LEC bulk material provides a potential
medium for fabricating thick GaAs detectors at relatively
low cost. Compensation of impurities has improved in LEC

GaAs such that quoted resistivities and carrier concentra-
tions approach theoretical intrinsic values. The use of bulk
GaAs material for detection of radiation has recently un-
dergone renewed interest [6, 7]. Presented in this work are
the results from Schottky contact based diode detectors
fabricated from commercially available LEC bulk GaAs
material.

A. Material Considerations

Unlike Si or Ge, GaAs has a direct band gap allowing
for direct transitions of electrons from the valence band
to the conduction band without a change in momentum.
Electrons located in the direct conduction band valley (T
valley) experience high mobility (above 7000 cm?/V-s) re-
sulting in high electron velocities at low electric fields.
Higher electric fields result in scattering of electrons into a
lower mobility valley (L valley) leading to decreased veloc-
ity. Thus, electrons obtain a maximum velocity of 2 x 107
cm/s at electric field strengths near 3 x 10% V/cm and re-
duce to saturated velocities below 1 x 107 cm/s above field
strengths of 3 x 104 V/cm. Holes have much lower mobil-
ity in GaAs (400 cm?/V-s) and reach saturated velocities
similar to electrons at electric field strengths above 3 x 10*
V/cm. Unfortunately, the high electron velocity charac-
teristic of GaAs is not utilized if comparable electron and
hole velocities are to be obtained.

Direct band gap transitions of electrons from the con-
duction band to the valence band cause reduction in car-
rier lifetimes as compared to Si or Ge. However, theoreti-
cal models of the material in which recombination occurs
from direct radiative transitions indicate that a very pure
crystal should have lifetimes approaching 0.1 ms [8]. To
the knowledge of the authors, such long lifetimes have not
been demonstrated in GaAs material to date. High den-
sities of trapping centers in GaAs are believed to be the
major cause of short carrier lifetimes commonly observed.

GaAs characteristically has a high density of surface
states! which tend to predetermine (or pin) the Fermi
level at the metal-semiconductor interface [9, 10]. The pin-
ning of the Fermi level forces the barrier height to form as

1 An exception is a clean and well cleaved (110) surface in which
surface states do not form in the bulk band gap.
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a function of the filled surface state density rather than
the metal work function. The fact that the barrier height
formed is independent of the metal work function makes
altering the barrier height difficult; however, fabrication re-
peatability of contacts is easily realized. The barrier height
has been reported to pin at approximately 2/3 of the band
gap energy for n-type material and 1/3 of the band gap
energy for p-type material.

Bulk LEC GaAs is semi-insulating due to compensation
of carbon impurities in the material by the native arsenic
antisite defect EL2 [11, 12]. The native defect EL2 acts as
a deep donor level and is not fully ionized at room tem-
perature. Residual carbon acceptor impurities are almost
completely ionized at room temperature and generally ren-
der LEC GaAs material p-type. It is necessary that the
concentration of compensating deep levels be greater than
the net concentration of compensated shallow impurities
if semi-insulating material is to be realized [13]. In the
case of EL2 deep donor compensation of carbon acceptor
impurities, the conditions for semi-insulating behavior in

undoped LEC GaAs are
Na>'Nd (D

and
NDD > N,_-, - Ny (2)

where Npp is the deep donor concentration, N, is the shal-
low acceptor concentration, and Ny is the shallow donor
concentration. Although carbon impurities are signifi-
cantly reduced, a low concentration of carbon is allowed
to remain in the GaAs melt in order to meet the crite-
ria in equations 1 and 2. Additionally, semi-insulating
GaAs is grown slightly arsenic rich in order to produce
the proper concentration of deep donor EL2 sites through-
out the crystal. GaAs ingots are commonly annealed after
growth in order to improve the uniformity of the resis-
tivity throughout the material. The resulting GaAs has
typical free carrier concentrations of 107/cm? and resistiv-
ities greater than 107 Q-cm. The density of EL2 sites are
typically quoted near 10'%/cm® and the density of carbon
acceptors are typically quoted near 5 x 10*/cm3. Dis-
cussion of problems arising from the presence of the EL2
donors and carbon impurities is provided later in the text
(section IV.).

The average density (5.32 g/cm3) and atomic number
(31/33) of GaAs are approximately the same as Ge, the
most commonly used semiconductor for high resolution
gamma ray spectroscopy. Therefore the gamma ray inter-
action probabilities per unit path length are approximately
the same. The energy required to create an electron-hole
pair (¢) is 4.2 eV and the Fano factor (F) has been reported
to be 0.18 [14]. The theoretical energy resolution obtain-
able for GaAs at full width at half maximum (FWHM)
calculated from

Rg = 2.35VEFe (3)

where E is the gamma ray energy indicates that accept-
ably high resolution for gamma ray spectroscopy can be
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Figure 1: Spectrum of 233Pu 5.5 MeV Alpha Particles Mea-
sured with an Early Generation Schottky-Schottky Bulk
GaAs Detector.

obtained. However, problems with statistical fluctuations
in carrier extraction from varying mechanisms have pre-
vented the realization of high resolution gamma ray spec-
troscopy in bulk GaAs material to date.

B. Previous LEC GaAs Detectors

Early detectors fabricated from LEC bulk material suf-
fered severe surface leakage currents and full energy peaks
were not observed [15]. However, the leakage current could
be greatly decreased by introducing traps through sur-
face damage. Later generation back to back Schottky
diodes fabricated from 500 micron thick bulk GaAs ma-
terial showed full energy peaks from alpha particles with
FWHM’s of 15% (Figure 1). The noise level from the
Schottky-Schottky devices was observed to be 300 keV.
Charge collection efficiency ranged from 30% to 35% as
compared to a silicon surface barrier detector, thus indi-
cating severe trapping of charge carriers. Statistical fluc-
tuations in carrier extraction due to the forward biased
Schottky contact and carrier trapping are believed to have
contributed to the poor resolution observed.

Reduction of noise to 50 keV was accomplished by sub-
stituting one alloyed chmic contact for the forward biased
Schottky contact. Low energy gamma rays were observed
only as a plateau continuum (as shown in Figure 2), and
the devices performed as photon counters rather than spec-
trometers. The continuum end point energy was observed
to increase linearly with gamma ray energy, indicating a
linear production of electron-hole pairs with energy. The
absence of gamma ray full energy peaks in these early de-
vices is believed to be resultant from severe carrier trap-
ping in inferior bulk material. Conversion electrons and
beta particles were observed from a '37Cs beta particle
source with the same GaAs devices (Figure 3). Resolution
of alpha particle irradiation ranged from 5% to 8% at 5.5
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Figure 2: 57Co 122 keV Gamma Ray Plateau from an
Early Generation Schottky-Ohmic Bulk GaAs Detector
(the sharp peak is from a pulse generator signal).

MeV. Noise was further reduced to 40 keV in later genera-
tion devices by passivation with SiQ; or SizNy thin films.

C. Current Effort

Devices under present investigation utilize proton im-
plantation to create traps and reduce carrier lifetimes on
the surface. A Ti/Au Schottky contact is used as a block-
ing barrier under reverse bias. The blocking barrier pre-
vents excess current from flowing into the device under re-
verse bias conditions. An alloyed Au/Ge/Ni ohmic contact
is used to provide efficient carrier extraction while reducing
statistical fluctuations. Plasma enhanced chemical vapor
deposited (PECVD) SizNy films are used to passivate sur-
face states to help reduce current leakage.

Recent efforts have been directed towards understanding
the bulk GaAs material in order to correctly implement im-
provements for future generation devices. Thin detectors
(45 microns and 100 microns in thickness) were fabricated
for the purpose of investigating the active region thickness
with changing reverse bias. Devices of greater thicknesses
were fabricated to examine carrier lifetimes in the bulk
GaAs crystal.

[I. DETECTOR FABRICATION

Undoped LEC GaAs wafers were diced into 5.08 x 5.08
mm squares and polished to average thicknesses of 45 mi-
crons, 100 microns, and 250 microns. SizgN4 was plasma
deposited onto the bare surfaces to provide passivation.
Circular 4.32 mm diameter regions were etched to the bare
GaAs surfaces. Afterwards, a series of alternating Au, Ge,
and Ni layers were deposited in the etched region to form
ohmic contact to the bare GaAs surface. The opposite side
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Figure 3: 137Cs Beta Particle Continuum and Conversion
Electrons from an Early Generation Schottky-Ohmic Bulk
GaAs Detector (the sharp peak is from a pulse generator
signal).
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Figure 4: Bulk GaAs Detector Device Cross Section.

(front) of the crystals were polished and photoresist was
patterned to protect a 4.32 mm diameter region. The front
sides were implanted with protons at a dose of 10'%/cm?.
SisN4 was deposited over the front sides and 4.32 mm di-
ameter regions were etched to the undamaged bare GaAs
surfaces. Each piece was bonded into a boron nitride (BN)
collar with high resistivity potting epoxy. Each BN collar
was subsequently bonded into a pair of brass connector
rings. A layer of Ti/Au was evaporated onto the front of
the devices to form Schottky contacts. A final layer of
Au was evaporated over the ohmic contact detector faces
to form electrical contact to the connector rings. A cross
section diagram of a device is shown in Figure 4 and a
photograph of two finished devices can be seen in Figure
5.



Figure 5: GaAs Detectors.

I11.
A. [-V and C-V Measurements

DETECTOR CHARACTERISTICS

The forward current density due to thermionic emission
from a Schottky diode can be represented by

J(V) = Jy(eVUNET _ 1) (4)

where
Jot = A*T?e=®9/*T (5)

and V is the applied forward voltage, ¢ is the charge of an
electron, k is Boltzmann’s constant, T is the temperature
in Kelvin, A* is the effective Richardson constant, ¢ is
the Schottky barrier height, and N is the ideality factor
of the current behavior {16]. Pure thermionic emission is
demonstrated for diodes with an ideality factor equal to
unity. The GaAs detectors displayed rectifying behavior
with measured values of ideality factors ranging from 5 for
thin diodes to over 40 for thick diodes. The high values
of N indicate that the forward current observed is due to
mechanisms other than simple thermionic emission. The
turn-on voltage for forward bias current was observed to
increase dramatically with detector thickness. The reverse
breakdown voltage exceeded 60 volts for 45 micron thick
detectors, 110 volts for 100 micron thick detectors, and 300
volts for 250 micron thick detectors.

Figure 6 shows the characteristic -V curves for detectors
of several thicknesses. As seen in Figure 6a, the forward
bias turn-on voltages increase with detector thickness. By
comparison to ideal Schottky contact diodes, the forward
bias currents are slow rising. The slow rising forward cur-
rents and thickness-dependent turn-on voltages are charac-
teristics typically found in space charge limited, trap-filled
insulating materials {17]. The reverse bias current char-
acteristics can be seen in Figure 6b. The reverse leakage
current does not appear to have a thickness dependence
as does the forward current. Leakage currents at 100 volts
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Figure 6: Characteristic I-V Curves for Several Thick-
nesses of Bulk GaAs Diode Detectors Showing the (a) For-
ward Currents and (b) the Reverse Leakage Currents.

reverse bias ranged from 28 nA to a worst case of 500 nA
for detectors of several different thicknesses. The average
reverse current at 100 volts reverse bias was 45 nA.

C-V measurements of the devices were taken with mod-
ulating frequencies ranging from 1 Mhz down to 1 Khz. In
all cases, the capacitance measured showed no change with
increasing reverse bias. The conductance was observed to
decrease slightly with increasing reverse bias and the phase
angle decreased as the frequency was lowered. Generally,
the display of constant capacitance with changing reverse
bias on a semiconductor indicates full depletion of the de-
vices. However, C-V measurements on high resistivity ma-
terial have been shown to give erroneous results [18, 19]. In
a modulated C-V measurement, it is often assumed that
capacitance is the only significant element in the circuit
and the out of phase current measured on a capacitance
bridge yields the true capacitance as a function of depletion
layer width. In reality, diodes have a resistance between



1230

the rectifying contact and the ohmic contact.

The small signal model of a reverse biased diode is de-
picted in Figure 7a. The depleted region has resistance
(Rp) in parallel with capacitance (Cp), and the unde-
pleted region also has resistance (Rg) in parallel with ca-

pacitance (Cs). The impedance across the diode is de-
scribed by

7 = Rp 4 Rs
1+ jwRpCp 1+ jwRsCs

(6)

where w is the modulation frequency. The value of Rp is
very high and the depletion region appears mainly capac-
itive. In a semiconductor, the value of Rg is low enough
such that Cs is shorted and the undepleted region appears
mainly resistive. A common model for such a case is a
capacitor (Cp) in series with a resistor (Rs) as shown in
Figure 7b. If the series resistance is very high, the phase
angle decreases to very small values and it can become dif-
ficult to accurately measure the capacitive component of
the current.

However, the high resistance in the undepleted region
of semi-insulating GaAs does not short the capacitance
for the range of modulation frequencies used. If both Rg
and Rp are very large, both the depleted region and the
undepleted region appear to be two capacitors in series. In
the limit that the high resistivity in the undepleted region
becomes comparable to the high resistivity in the depleted
region (pp = ps), equation 6 reduces to

7 [ pL.D +pLs ] (7)
A(jwpes +1)

where Lp is the thickness of the depletion region, Lg is the
thickness of the undepleted region, A is the detector area,
and ¢, is the dielectric constant. The current is described
by

1
(Rp + Rs)

where Cr is the series combination of Cp and Cs and is
equivelent to the parallel plate capacitance between the
Schottky contact and ohmic contact. Equation 8 is the so-
lution to the parallel conductance circuit shown in Figure
Tc. As aresult, the diode appears to have a constant capac-
itance (Ct) between the Schottky contact and the ohmic
contact in parallel with the resistances in the depleted and
undepleted regions.

In reality, a low free carrier concentration is present in
the undepleted region (< 107/ cm®). Under applied volt-
age, the depleted region increases and the undepleted re-
gion decreases. Since the resistivity is higher in the deple-
tion region than in the undepleted region, the overall ef-
fect is an increase in the total resistance (Rp + Rs), which
serves to explain the experimentally observed decrease in
conductance. The phase angle is described by

I~ V[ + ijT] (8)

0 = tan"'[wCr(Rp + Rs)]. 9)

Equation 9 indicates that lowering the modulation fre-
quency causes the phase angle to decrease, which corre-
lates with experimentally observed results. Calculated val-
ues using the model in Figure 7c closely match observed
measurements. Unfortunately, since the capacitance corre-
sponds to the total detector volume and does not change,
the capacitive component yields no information concern-
ing the depletion region thickness dependence on applied
voltage.

It is also believed that the lifetimes associated with the
native defect deep donor level EL2 present in the ma-
terial are much too long to follow the modulated signal
(16, 18, 20]. In a modulated C-V measurement, it is as-
sumed that a change in bias voltage creates an immediate
change in impurity ionization and an immediate change in
depletion thickness. Such an assumption is valid as long as
the carrier emission rate is much greater than the measure-
ment modulation frequency. For practical purposes, such
a case exists for shallow dopant impurities. However, the
emission rate for deep levels is much lower than the emis-
sion rate of shallow levels and it is believed that the lowest
modulation frequency of the C-V meter used (1 KHz) was
too rapid to observe effects from the EL2 deep levels. Con-
sequently, the effect of the deep levels on capacitance and

" conductance could not be determined.

B. Pulse Height Characteristics

GaAs material used in this study has a free carrier con-
centration less than 107/cm®. For practical purposes, such
a low carrier concentration constitutes depleted material.
However, only the region in which the electric field is strong
enough to remove carriers from the device is of interest. It
therefore becomes necessary to define the depleted region
of interest (where the electric field is capable of extracting
carriers) as the device active region.

Detectors of several thicknesses were used to examine the
dependence of device active region thicknesses on bias volt-
age. Detectors were irradiated in vacuum from the Schot-
tky contact (front) and from the ohmic contact (back)
with a spectroscopic grade 5.5 MeV 24! Am alpha particle
source. The range of of a 5.5 MeV alpha particle in GaAs
is calculated to be 20.2 microns with a straggle of 0.45 mi-
crons [21]. For a 100 micron thick detector, the electron-
hole pairs will be created closest to the contact that is
irradiated. However, since an alpha particle loses most
of its energy near the end of its penetration distance, the
expected result is a high density of electron-hole pairs cre-
ated near the middle of a 45 micron thick detector whether
irradiated from the front or the back.

The pulse height characteristics of a 105 micron thick
detector irradiated either from the front or the back can
be seen in Figure 8. A rapid increase in pulse height is ob-
served when the detector is irradiated from the front. The
bias voltage at which 95% of the maximum pulse height
is observed is approximately 50 volts. Above 60 volts, the
pulse height reaches a plateau. When irradiated from the
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Figure 7: Small Signal Models of a Reverse Biased Diode
Showing the (a) Small Signal Circuit, (b) the Series Resis-
tance Model, and (c) the Parallel Conductance Model.

back, the pulse height only slightly increases with applied
voltage at first. Near 100 volts, the pulse height rapidly
increases. Beyond 130 volts, the pulse height linearly in-
creases with bias voltage near the same saturated value as
observed from front side irradiation. It is speculated that
near complete electron collection is realized at a bias volt-
age of 130 volts. Beyond 130 volts, the linear increase in
pulse height is believed to be a result of improving hole
collection with increasing electric field strength.

The pulse height characteristics of a 43 micron thick de-
tector as irradiated from the front and back can be seen
in Figure 9. Again, a rapid increase in pulse height with
bias voltage is seen when irradiated from the front. Simi-
lar to the 105 micron thick detector, the 95% value of the
plateau pulse height was observed to occur near 50 volts
bias. Similar results were found for all detectors tested in-
dependent of thickness, indicating that the electric fields
near the Schottky contacts are similar for all of the detec-
tors tested. However, when irradiated from the back, the
onset of pulse height increase occurs near 50 volts for the
43 micron thick detector. In all cases, a detector thick-
ness dependence was observed for the onset of pulse height
increase when irradiated from the back. Such behavior
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Figure 8: Measured Pulse Height as a Function of Bias
Voltage from a 105 Micron Thick Bulk GaAs Detector.
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Figure 9: Measured Pulse Height as a Function of Bias
Voltage from a 43 Micron Thick Bulk GaAs Detector.

is indicative of doped semiconductor material rather than
intrinsic material.

Aluminum attenuators of several thicknesses were placed
between the detector and the alpha particle source. The
attenuators reduce the particle energy, thus reducing their
range in the detector. Under front side irradiation, the
plateau threshold bias voltage was observed to decrease
with increasing attenuator thickness. Under back side ir-
radiation, the bias voltage at the onset of pulse height in-
crease was observed to increase with attenuator thickness.
Full extension of the active region across the detector is
realized when the pulse heights from back side irradiation
saturate. The active region thickness as a function of bias
voltage was determined from calculations of known par-
ticle ranges. For each alpha particle energy, the voltage
at which the pulse height plateaus under front side irra-
diation indicates the maximum range of the particle ex-
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tending from the Schottky contact. The voltage at which
the pulse height abruptly increases from back side irradia-
tion indicates the maximum range of the particle extending
from the ohmic contact. The dependence of the active re-
gion thickness with bias voltage can be found by observing
the necessary changes in voltage needed to arrive at each
plateau or threshold value. Assuming that the voltage de-
pendence can be described by an exponent, the dependence
found is

(10)

where W (V') is the active region thickness, Vis the applied
reverse voltage, and R is a constant describing the volt-
age dependence. Values of R approached 3.5 for 45 micron
thick detectors and approached 1.9 for 100 micron thick
detectors. The active region width does not follow a sim-
ple V'V dependence as calculated from a one sided abrupt
junction model [16].

W({V)x VE

C. Pulsed X-ray Analysis

To study the carrier lifetime via pulse shape, bulk GaAs
detectors were exposed to fast pulses of high energy X-
rays. Unlike low energy laser excitation, high energy pho-
tons create electron-hole pairs uniformly throughout the
detector and allow for examination of carrier transport in
the bulk crystal. The pulse duration was 50 ps with a
repetition rate of 60 Hz. The current produced in the
detectors was recorded using a 15 GHz sampling oscillo-
scope with a 50 ohm input impedance. Also recorded were
the integrals of the current or the total charge collected
as a function of time. Each detector tested was exposed
under several bias voltages, ranging from low voltages to
near breakdown. The resulting measurements clearly show
two time-resolved components. The two components are
most pronounced with the thickest detector tested (760
microns). Most of the charge is collected over a very short
period of time (nanoseconds), whereas the tail region was
observed to extend beyond 50 nanoseconds and may be
due to slow hole velocities and carrier detrapping of both
electrons and holes (Figure 10a). The time in which 90% of
the charge is collected decreased with increasing bias volt-
age. For the 760 micron thick detector, the 90% charge
collection time decreased from approximately 40 ns at 150
volts reverse bias to 9 ns at 750 volts reverse bias (Figure
10). Under the condition of saturated carrier velocities, 9
ns closely corresponds to the expected maximum transit
time for carriers in the device. The total charge collected,
Q, showed a dependence with bias voltage of

QV) x V? (11)
where V is the applied reverse voltage and Z is a constant
describing the voltage dependence. Values of Z for thick
detectors (& 750 microns) were calculated to approach 1.2
whereas values of Z for thinner detectors (= 250 microns)
approached 1.6. Since the charge deposited in the active
region should be linear with respect to the active region
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Figure 10: X-ray Pulse Response from a 760 Micron Thick
Detector at a Bias of (a) 150 Volts and (b) 750 Volts.

width, the collected charge should give some indication of
the active region width as a function of voltage. Similar to
the pulse height analysis, a dependence was observed that
deviates from vV behavior.

D. Alpha Particle and Gamma Ray Spectroscopy

Spectroscopic measurements of a 5.5 MeV alpha parti-
cle source with a 105 micron thick detector resulted in a
typical energy resolution of 2.5% at FWHM (Figure 11).
Energy resolution for other detectors ranged from 2.2% to
3.1%. Energy resolution was observed to reach an opti-
mum value with increasing bias voltage (Figure 12). For
all detectors tested, the point at which the FWHM reached
its minimum value was near the bias voltage required to
reach 95% of the maximum pulse height. Assuming that
€ = 3.65 eV/e-h pair for Si and ¢ = 4.2 eV/e-h pair for
GaAs, the charge collection efficiency from front contact
alpha particle irradiation as compared to a silicon surface
barrier detector was 91% for a 43 micron thick detector
and 82% for a 105 micron thick detector.

Room temperature measurements of 60 keV gammarays
from a 24! Am source resulted in a best energy resolution of
22 keV (Figure 13). Room temperature measurements of
122 keV gamma rays from a 37Co source resulted in a best
energy resolution of 40 keV (Figure 14). The noise level of
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these devices was measured to be 40 keV. Measurements
with gamma rays of higher energy resulted in a continuum
with no observable full energy peak.

IV. DiscussioN

Although C-V measurements show no voltage depen-
dence on the detector capacitance, the results of the pulse
height analysis with alpha irradiation clearly show an elec-
tric field dependence with applied voltage characteristic of
doped semiconductors. For a uniformly doped semiconduc-
tor in which the dopants are fully ionized, the solution to a
Schottky contact-semiconductor abrupt junction depletion
model results in a depletion thickness that increases with
V'V [16]. However, the active region thickness showed a
dependence quite different from vV behavior.

It is believed that the detector active region thickness
is determined by the concentration of deep level donors
and shallow acceptors[13, 22]. A simple model in which
one shallow acceptor and one deep donor is present in the
band gap gives

vV _ 9E

T oXT T oX (12)

=L (Nf-N7 =n,)
€s

where N} is the ionized donor concentration, N is the
ionized acceptor concentration, and n, is the intrinsic car-
rier concentration. Information supplied by the GaAs ma-
terial vendor reported measured carbon concentrations on
the order of 10!*/cm® and deep donor EL2 concentrations
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Figure 12: Energy Resolution as a Function of Bias Voltage
for a 105 Micron Thick Detector.

on the order of 1016/cm3. At room temperature, the shal-
low carbon acceptors are assumed to be fully ionized such
that NJ = N, = 10*/cm®. The measured energy level
of the native defect deep donor EL2 is 0.8 eV below the
conduction band edge [12, 23]. Assuming the Fermi level
to be at midgap, the deep donors are not fully ionized and
the ionized concentration of donors is

N} =Npp|l- (13)

1

1+ %exp(——'?-ﬂru k'E )]
where Npp is the deep donor concentration, Epp is the
deep donor energy, and E; is the Fermi energy [24]. The
application of reverse voltage causes the conduction band
to bend such that the energy difference between the deep
donor energy level and the Fermi energy level becomes
larger. The obvious result is further ionization of the
deep donor level. Thus, the ionization of the deep donors
present in the bulk crystal becomes a function of the bias
voltage.

The numerical solution of equation 12 with an applied
reverse bias results in an ionization distribution (|NJ -
N7 |) and an electric field distribution (E) with two distinc-
tively different regions (Figure 15)(25]. The solution shown
in figure 15a indicates that the Schottky barrier potential
causes full ionization of the deep donors at the Schottky
contact and the ionization concentration is simply the deep
donor concentration (N} = Npp = 10*®/cm®). Further
from the contact, the deep donors are no longer fully ion-
ized and the value of |[NJ — N | decreases to very low con-
centrations. With the application of a few volts, the region
of complete deep level ionization extends further into the
detector bulk. Consequently, the non-uniform ionization
distribution creates a two zone electric field distribution
across the detectors. From figure 15b, the electric field
distribution -near the Schottky contact decreases rapidly
with a slope of ¢Npp/es. At the end of this region, the
deep donors are no longer fully ionized and the electric
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Figure 13: Room Temperature Measurement of 60 keV
Gamma Rays from an ?*!Am Source with a 250 Micron
Thick Bulk GaAs Detector.

field decreases less rapidly to low values. The application
of voltage causes the electric field to increase across the
detector, however, the two zone electric field distribution
is still present. The electric field decreases to zero at the
ohmic contact. Thus, the model indicates that deep levels
in semi-insulating GaAs can severely alter the electric field
distribution in the detectors. Also, the conditions assumed
with an abrupt junction depletion approximation (uniform
ionization density and complete ionization of donors) are
not realized at room temperature for semi-insulating un-
doped LEC bulk GaAs and the one sided abrupt junction
model incorrectly represents the active region thickness as
a function of bias voltage.

The resulting electric field distribution translates into
high hole collection efficiency near the Schottky contact.
The low electric field near the ohmic contact allows for
some electron collection to occur and may account for the
low pulses observed from back side irradiation before the
onset of abrupt pulse height increase. Hole collection is
poor near the ohmic contact, improving only when the
electric field near the ohmic contact is substantially high
enough to allow for increased hole extraction. Electrons
are less affected by the reduced electric field near the ohmic
contact since they experience high mobility at low electric
field strengths.

In the pulsed X-ray experiments, the current measured
is due to movement of both holes and electrons in the de-
tector active region and carrier type is not distinguishable.
However, two distinct charge decay times were observed
in each of the measurements. The distinction between
time components was most pronounced for thick detec-
tors (760 microns). The short decay time component was
observed to be only a few nanoseconds and approximated
the maximum transit time for electrons, whereas the long
decay time component extended to several tens of nanosec-
onds and corresponded to the maximum transit time for

Recorded Counts
(Linear Scale)

0 50 100 200

Energy (keV)

150

Figure 14: Room Temperature Measurement of 122 keV
Gamma Rays from a 37Co Source with a 250 Micron Thick
Bulk GaAs Detector.

holes. Approximately 50% of the total charge was collected
within the short decay time. Therefore, we conclude that
both electron and hole components are being observed. In-
creasing the bias voltage had a minor effect on the short
decay time, but had a dramatic effect on the long decay
time.

It is believed that the dependence of the charge collec-
tion with bias voltage is the result of increasing active re-
gion width, increasing hole velocities, and changes in car-
rier detrapping. As the active region is increased with
applied bias, the maximum transit path length for the car-
riers is increased. In addition, the increased bias voltage
gives rise to a stronger electric field throughout the device.
Thus, hole velocities increase with applied bias, whereas
electron velocities decrease at fields above 3 x 10® V/cm.
Since the increase in hole velocity is much more strongly
affected than the increase in active region thickness, the
time for hole extraction is dramatically reduced with in-
creasing bias voltage. At high bias voltages, the observed
differences in the time components become less distinctive
indicating that the carriers (electrons and holes) are ap-
proaching saturated velocities and suffering less trapping
and detrapping effects. The overall result is faster extrac-
tion of the charge from the devices at increasing voltages.
At 750 volts bias, the observed time for 90% charge extrac-
tion from a 760 micron thick detector was measured to be
approximately 9 ns, corresponding very nearly to the cal-
culated carrier transit time at saturation velocity. Thus,
the pulse response time observed is believed to actually be
the carrier transit time across the active region. The mea-
surements indicate that the actual carrier lifetimes in the
bulk material may be longer than (or equivelent to) the
observed charge collection time (9 ns) at high bias voltage.
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Figure 15: Numerically Analyzed (a) Ionization Concen-
trations and (b) Electric Field Distributions for a Simpli-
fied Model of LEC GaAs Schottky Diodes. The Fermi En-
ergy at the Schottky Contact was Assumed to be Pinned
at One Third Band Gap.

V. CONCLUSION

Detectors fabricated from bulk LEC undoped GaAs ma-
terial resulted in the observation of 5.5 MeV alpha particles
with energy resolution of 2.5% at FWHM. Also observed
were full energy peaks from gamma rays of 60 keV and
122 keV energies with FWHM’s of 22 keV and 40 keV,
respectively. Native deep levels in the crystal are believed
to cause the appearance of a two zone electric field dis-
tribution across the detector thickness. The electric field
in the zone next to the Schottky contact decreases rapidly
and the electric field throughout the rest of the bulk de-
creases less rapidly to low values. Such difficulties affect
carrier extraction and pose limitations for bulk LEC semi-
insulating GaAs as a high resolution spectrometer. Since
semi-insulating LEC GaAs material is grown slightly ar-
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senic rich to produce EL2 deep donor sites for carbon
acceptor compensation, it is believed that an alternative
bulk GaAs material to semi-insulating LEC GaAs should
be used for improved results. It is felt that GaAs material
with a lower overall p-type and n-type impurity concentra-
tion as well as a lower deep donor EL2 concentration may
render improved results. Next generation devices will be
fabricated from material with a lower concentration of car-
bon and EL2 levels in order to help facilitate improved elec-
tric field distributions in the device active regions. Ohmic
contacts will be improved with highly doped epitaxial or
implanted regions to lower contact resistance. P-I-N de-
vices will be fabricated with improved barrier heights for
gamma ray detectors.
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