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Abstract

A procedure for the evaluation of the depletion re-
gion width of a Schottky barrier diode made on semi-in-
sulating materials has been assessed and applied to galli-
um arsenide nuclear detectors. This procedure, which
makes use of the optical beam induced current method
of charge collection scanning microscopy, allows the
direct measurement of the depletion layer width. By
taking into account the high resistivity of the material
under examination and measuring the diode reverse cur-
rent, it is possible to evaluate the actual voltage applied
at the depletion layer boundaries. It was found that, at
low actual bias values, the voltage dependence of the de-
pletion layer follows the usual square root power law,
while at increasing voltages, it changes into a linear be-
havior. An explanation in terms of deep trap effect and
trap field-enhanced capture cross-section is proposed
even though further work must be done to explain the
space charge width dependence on bias applied in terms
of the deep trap influence.
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Introduction

Undoped semi-insulating (SI) gallium arsenide
grown by liquid encapsulated Czochralski technique is
currently attracting much interest because it is one of the
most promising materials as a substrate for the fabrica-
tion of microwave integrated circuits. Furthermore, it
has recently being used for developing detectors for a
range of applications, including high energy physics as
well as medical and molecular biology.

For the above reasons, extensive studies have been
made on both structural and electrical characteristics of
SIundoped GaAs with many investigation methods, such
as photoetching Weyher ez al. (1994), transmission elec-
tron microscopy SchloBmacher ez al. (1992), and photo-
induced current spectroscopy (Fang and Look, 1991).

Even though a few examples are reported in litera-
ture (Leamy, 1982, and references therein), charge col-
lection scanning microscopy (CCSM) has not been ap-
plied to high resistivity materials so extensively as to
semiconducting materials because it is widely thought,
though seldom explicitly said, that charge collection
scanning microscopy can be applied to "good" semicon-
ductors only. However, it has been recently shown
(Holt, 1994) that this assumption is wrong and that the
beam induced current mode of CCSM can be usefully
applied to semi-insulators as well as to wide-gap
semiconductors.

In the literature, most of the investigations by elec-
tron beam induced charge collection microscopy which
have been carried out on semi-insulating gallium arse-
nide are relevant to the microscopic characterization of
the uniformity of undoped GaAs wafers (Tokumaru and
Okada, 1984, 1985). In these investigations, the elec-
tron-beam-induced-current contrast in SI specimens is
considered to arise mainly from recombination loss of
induced current (Tokumaru and Okada, 1984).

The second statement usually implicit when speaking
about Schottky barriers on insulators is that, contrary to
the case of semiconductor specimens, the electric field
is uniform over the whole sample length. The insulating
samples would originally be near the state of depletion




as a whole, due to the built-in potential of the Schottky
contact, leading to no modulation of the barrier depletion
layer width W under an applied bias voltage.

This latter assumption sharply contrasts with experi-
mental findings relative to Schottky devices working as
radiation detectors (D’Auria and del Papa, 1992) from
which it undoubtedly emerges that the detectors are not
fully depleted. As a consequence, modeling of the elec-
tric field in SI gallium arsenide detectors is presently
developing (McGregor et al., 1992a, 1994; Chen et al.,
1994; Kubicki et al., 1994) in order to explain the
detector behaviour in terms of the actual space charge
region width and charge carrier trapping effects.

This paper deals with charge collection scanning mi-
croscopy (CCSM) investigations on the depletion layer
width (W) in SI gallium arsenide as a powerful tool for
directly measuring the space charge region thickness.
Electron beam induced current (EBIC) and optical beam
induced current (OBIC) methods of CCSM have been
applied in order to: i) achieve the image of the Schottky
barrier depletion layer, and ii) measure its variations
with the bias voltage applied. This analysis has un-
covered a linear dependence of the depletion layer W on
the voltage (V,) given by the power supply and applied
to the detector between ohmic and rectifying contacts.
A study of the Schottky diode equivalent circuit has been
performed to find the relationship between W and the ef-
fective voltage Veﬂ applied to the boundaries of the de-
pletion layer. In this way, the usual quadratic trend of
W as a function of the effective voltage applied has been
found up to a value Veﬁ = 50V, while for higher values
the linear trend holds true. In order to verify the proce-
dure adopted, a p*-n junction on silicon has been tested
in the same way as the GaAs diodes.

Materials and Methods

Two sets of specimens have been examined, the first
one of semi-insulating (SI) (p = 10 Q.cm) undoped
gallium arsenide grown by the liquid encapsulated
Czochralski (LEC) method and the second one of semi-
conducting floating zone silicon (phosphorus doped,
majority carrier density Np-N, 10'2 cm3). The
semi-insulating GaAs samples [S X 5 5

mm” in size and
with thickness (7) ranging from 80 to 465 um] have been
prepared as follows: the Schottky barrier has been ob-
tained by Au/Ti evaporation, and a Si-Pd solid phase
epitaxy has been used as the ohmic contact (Nava,
1992). In the silicon samples, the p*-n junction has
been obtained by boron implantation, while the ohmic
contact has been prepared by phosphorus implantation.
A voltage source (Model 230, Keithley, Cleveland,
Ohio) with very low (1073 Q) output impedance has been
used to reverse bias the specimens in a range from O to
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Figure 1. Principle of the electron/optical beam induced
current detection method. The beam scans the sample
cleaved surface in x-direction and the charge collection
signal is amplified and then computer-stored.

120 V. The diode current-voltage characteristics have
been analysed (Norde, 1979) and series resistance (Rg)
and ideality factor (n) of the devices under test have
been obtained. The beam induced current has been
amplified by a feedback amplifier (Keithley 428). A
lock-in amplifier has been used to minimize the noise
penalty imposed by examining the diode depletion layer
under as low as possible injection conditions.

The samples have been analyzed by charge collec-
tion scanning microscopy in "edge-on", also called "nor-
mal collector”, configuration (Donolato, 1983) (Fig. 1).
For this purpose, the cross-section view has been afford-
ed by crystal cleavage and the cleaved edge of the de-
vice has been probed by the scanning beam.

The well known "barrier electron voltaic effect” at
a junction (for a review, see Holt, 1989) has been used
in order to evaluate the depletion layer width W and its
changes with a resolution of a few micrometers. EBIC
mode of scanning electron microscopy (SEM) utilizes
the current due to the electron-hole pairs generated by
the scanning electron beam which are separated by built-
in field regions in the sample and finally collected by the
rectifying junction. Similarly, OBIC mode of scanning
optical microscopy (SOM) (Wilson and Sheppard, 1984;
Castaldini and Cavallini, 1992) makes use of the pairs
generated by a photon beam scanning the sample sur-
face. The charge collection current (I,.) modulates the
microscopy cathode ray tube (CRT) intensity to obtain
an image or it can be recorded as induced current pro-
files corresponding to the beam linescans on the sample
surface.

In the OBIC analysis reported here, the probe light
wavelength was 700 nm, the beam diameter at the sam-
ple surface was 2 um and the photon flux 9.8 x 1015
photons.cm’z.s‘l).
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Figure 2. Forward current-voltage characteristic of a
typical GaAs detector. The symbols B correspond to
experimental data, the dashed line is their fit obtained by
accounting for non-pure thermionic-emission current
transport mechanism.

Results and Discussion

The current-voltage characteristic was obtained for
each device. A typical example relevant to GaAs detec-
tors is reported in Figure 2. Its shape indicates that the
diode ideality factor and series resistance are high, sug-
gesting that the pure thermionic emission over the bar-
rier is not the only dominant mechanism and the contri-
butions of other current-transport mechanisms must be
taken into consideration (Sze, 1981; Donoval e al.,
1991). By accounting for these additional contributions
(generation-recombination, leakage and tunneling cur-
rents), the semi-logarithmic plot of the current-bias volt-
age relationship has been fitted (dashed line in Fig. 2).
From this line, we get that the ideality factor n is 1.16
and the series resistance Rg is 7.7 X 10° Q. Although
high if compared to values relevant to "good" metal-
semiconductor barriers, the above values are very satis-
fying for a Schottky barrier on semi-insulating gallium
arsenide (McGregor e al., 1992b) and certainly good
enough for adopting here the ’depletion’ or ’abrupt’ ap-
proximation about the metal-gallium arsenide barrier
(Look, 1989).

In high resistance specimens, the carrier drift length
(M) is often small in comparison to the contact distance.
When this happens, the locally induced polarization
(Gunn, 1964) (in the present case, possibly due to the
beam generated charges) can significantly reduce the
barrier electron voltaic effects (Munakata, 1968, 1972;
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Figure 3.
diode (thickness ¢ = 80 um) showing the bright area
which corresponds to the space charge region of un-
biased diode; (b) secondary electron image of the same
sample (Schottky barrier on the top side, beam energy
E, = 25 keV).

(a) EBIC micrograph of a GaAs detector

Holt, 1989). In the samples examined here, the barrier
electron voltaic effects were meaningfully detectable in
EBIC micrographs of gallium arsenide diodes (Fig. 3a),
where the depletion layer W definitely appears as a
bright area. However, in order to appreciate with the
best accuracy the depletion layer width changes as a
function of the reverse bias voltage, we preferred to
quantitatively analyze OBIC profiles instead of EBIC
ones. As a matter of fact, using a photon probe has
allowed us to work in as low as possible injéction condi-
tions and then to avoid potentials locally induced by
plasma effect (Alberigi Quaranta et al., 1968) which
could possibly modify the electric field under examina-
tion. Indeed, for GaAs, Leamy and Kimerling (1977)
have demonstrated that high injection conditions may
easily be obtained. Besides, it has been observed that
surface charging easily occurs when an electron beam
scans the detectors.

Figure 3a shows the EBIC micrograph of a GaAs
detector diode from which it is seen that the depletion
region does not fill the specimen up, while Figure 3b is
the secondary electron image of the same detector,
showing the Schottky contact on the top side and the
ohmic contact on the bottom side. Clearly, care must be
exercised when charge collection images, such as Figure
3a, taken for visual determination of the location and ex-
tension of the depletion region, are to be properly inter-
preted (Leamy, 1982). Current amplifier black level
and gain are purposefully adjusted to improve the cos-
metic quality of EBIC images, but this method can lead
to serious errors of interpretation of the relative video
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Figure 4. OBIC profiles obtained by scanning a re-
versely biased GaAs diode (465 um thick) across the
Schottky barrier (the power supply voltages V, are
reported in the legend).

signal strength. In the present case, the microscope
parameters have been adjusted to evidence the depletion
layer extent, consequently loosing any details on its
bounds which actually are less sharp than in the present
micrograph.

Optical beam induced current profiles, correspond-
ing to different reverse bias voltages V,, given by the
power supply between ohmic and rectifying contacts, are
shown in Figure 4. They have been obtained by beam
linescans across the Schottky barrier edge-on (x-axis),
with the Schottky contact surface normal to the paper
plane and coinciding with the y-axis. It is worth noting
that the current profiles do not exhibit their maximum
value at exactly x = 0, as should be expected, but pre-
sent a current rise up to a beam coordinate equal to a
few micrometers. This is due to the following reasons:

(1) the scanning beam size is 2 um; therefore, the
beam spot (and as a consequence, the generation vol-
ume) does not wholly enter the sample when the beam
translator is just (or just behind) at the coordinate x =
0 (which corresponds to the sample edge), but from this
position, without interruption, it enters the diode; and

(2) the surface debris, due to treatments performed
for reducing the detector leakage current, reasonably in-
duces "surface" states which significantly increase the
local charge carrier recombination in the layer just
below the Schottky barrier; this is imaged as a dark
region in the EBIC micrograph (Fig. 3a) as well.

About the peak shape of the current profiles at low
voltages, it is worth noting that the photon flux is low
(9.8 x 1015 photons.cm™.s71) and the generated carrier
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Figure 5. Depletion layer W versus reverse applied
voltage V, (given by the power supply) for the same
GaAs detector as Figure 4 (the dotted line corresponds
to the fitting expression).

density is comparable to the trap concentration (as well
known, in LEC GaAs, the major trap EL2 concentration
is of the order 10!% cm™). Consequently, carrier trap-
ping at deep levels partially occurs up to the electric
field (E) is high enough that the collection efficiency
equals to 100%. This occurs at V, = 30 V (Fig. 4) for
GaAs diodes, corresponding to E =~ 4-5 X 10° V/cm,
and V, = 2V (as will be shown in Fig. 6) for Si diodes,
corresponding to E = 8 X 102 V/cm. This difference
can be understood taking into account that GaAs is un-
doped, compensated material (p = 107 Q.cm) with a
large trap concentration, while silicon is semiconducting
material (p = 3000 ).cm).

The depletion layer width W, identified with the
photocurrent profile half maximum width, results in a
linear function of the reverse bias V,, (Fig. 5):

W=19.0 + (0.9x V) (1)

where W is expressed in um when V_ is given in volts.
This finding came out to be reproducible with high
accuracy and with a regression coefficient R = .999 in
all experiments. The systematic error due to the above
points (i) and (i1) produces a shift of the depletion layer
curve but does not change its behaviour since the current
profiles exactly overlap in the x-range of current rise.
In order to check the procedure adopted for the de-
termination of W, silicon p+—n detectors have been also
examined. Figure 6 shows OBIC profiles relevant to
linescans of a reverse-biased p™-n junction in the same
configuration as in Figure 1. In this case, too, a current

— —
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Figure 6. OBIC profiles across the reversely biased
depletion region of a silicon p*-n detector. The applied
V, are reported in the legend.
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Figure 7. Depletion layer width W as a function of the
reverse bias V, in the same Si p*-n detector as Figure
6. The symbols W refer to the experimentally deter-
mined width values, the dotted diagram has been obtain-
ed by fitting the data using equation (2) with Nj - N, =
9 x 10! cm3.

rise equal to that relevant to GaAs detectors occurs for
the same reasons given above. Contrary to that stated
above about the GaAs detectors, the well known square
root power relationship between W and V_ has been ob-
tained from the junction depletion layer width W meas-
ured by the photocurrent profiles (Fig. 7). Fitting the
experimental data to the usual expression (Sze, 1981)
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Figure 8. Voltage Vj at the undepleted region bounda-
ries versus reverse bias V, applied to the detector. The
inset shows the diode equivalent circuit with C and Rp
capacitance and parallel resistance, respectively, of the
depletion layer W and Rg series resistance of the bulk
material, and the relevant voltage drops Veﬁ and V.

W = [{2e¢y / {q Np - N2} (Vy; - V, - KD)1V2(2)

where e is the silicon dielectric constant, ¢, the vacuum
permittivity, V.. the built-in junction potential, k the
Boltzmann constant, T the temperature and q the ele-
mentary charge, enabled the best-fit value of the param-
eter (Np-N,) to be found. This value, equal to 9 x 101!
cm™, coincides within the experimental uncertainty with
the majority carrier concentration due to the specimen
doping level. All the above reported experiments have
been carried out at room temperature (294K).

By comparing GaAs and Si results reported in Fig-
ures 5 and 7, respectively, we can observe that while the
silicon depletion layer exhibits the well known root
square dependence on the applied voltage V,, the GaAs
samples show a linear dependence.

In order to explain this apparently anomalous behav-
ior of GaAs diodes, the detector equivalent circuit has
been analyzed by taking into account the high resistivity
of GaAs bulk material (p = 10’ Q.cm) and measuring
the diode reverse current (i) against the applied voltage
(V). This analysis has clearly pointed out that a non-
negligible voltage drop (V) occurs across the undepleted
region of the GaAs detector. The inset of Figure 8
shows the detector equivalent circuit where C and Rp
are the capacitance and the parallel resistance of the
space charge layer W, while Rg is the series resistance
of the undepleted bulk layer. The voltage drop (V)
across the undepleted bulk layer has been calculated by
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Figure 9. Depletion layer width W versus bias voltage.
The symbols A are values of W plotted against the
applied voltage V, given by the power supply, while the
symbols B are values of W plotted against the effective
voltage drop Veﬁ at the space charge region boundaries.

the expression:
Vs = p [{t- W(V} / 810, (V) 3

where f, sample thickness, corresponds to the distance
between Schottky and ohmic contacts, S is the diode
area, and i; and W have been defined above.

Vg is reported in Figure 8 as a function of the ap-
plied voltage V. As can be seen, Vg increases with in-
creasing V,_ up to a saturation value equal to about 11 V.
Correspondingly, the effective voltage (Vo actually
applied between the boundaries of the depletion layer be-
comes Va;(f = V, - V5. By taking equation (1) into ac-
count again, the evaluation of the effective voltage V,
allows to correct the voltage dependence of the depletion
layer in GaAs detectors.

The resulting values are reported in Figure 9, where
the symbols A refer to values of W relative to the volt-
age V, applied to the specimen, while the symbols W re-
fer to values of W relative to the effective voltage drop,
Veﬁ‘ applied between the depletion region boundaries.
As can be observed from the data of Figure 9, at low
effective voltages (Veﬁ < 50 V) W increases roughly
with the square root of V, . and with a corresponding
density of ionized donors Ny 1.26 x 1013 cm‘3,
while for V,» > 50 V, W increases almost linearly with
the reverse bias voltage. This latter linear dependence
of Won V, has been already observed (D’Auria and del
Papa, 1992) and calculated (Kubicki et al., 1994) for
high applied voltages, V, = 100 V. Recently, using
alpha particle irradiation data, McGregor et al. (1994)
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found that "a nearly linear relationship between detector
voltage and active region depth" exists. To explain such
an effect, ionized deep traps and their influence on the
electric field distribution must be accounted for.
McGregor’s model including field enhanced capture
cross-section of EL2 can be invoked. It proposes that at
low fields, the electron capture rate is low due to a small
capture cross-section of the EL2 defect, and that the ion-
ized EL2 concentration is well approximated by the
Fermi statistics referring to the quasi-Fermi level.
When higher voltages are applied, so that an electric
field = 10* V/cm results, the electron capture cross-
section of the EL2 trap dramatically increases (Kaminska
et al., 1982; Prinz and Rechkunov, 1983; Johnson et
al., 1987, 1990; Ralph and Grischkowsky, 1991). The
electron emission rate becomes, therefore, the limiting
process of the EL2 centers filling and, as a consequence,
a quasineutral region results at high bias voltages. This
model well matches our results: at low bias voltages the
behaviour of the depletion layer width is controlled by
the free carrier concentration and the active region width
increases proportionally to V'V. When the bias voltage
Veﬂ approaches a value corresponding to an electric field
near to 10* V/em (50 V in the example reported in
Fig. 9), a linear dependence results as a consequence of
the quasineutral region generation.

Conclusions

Electrical beam induced current and optical beam in-
duced current methods have been applied in order to in-
vestigate the thickness (W) of the space charge layer in
semi-insulating GaAs diodes as well as to accurately
measure its changes with the reverse bias voltage applied
to the detectors and with the effective voltage applied
between the boundaries of the space charge layer.

The OBIC procedure adopted to directly measure W
has also been tested on silicon diodes in order to analyze
the behavior of a p™-n junction depletion layer as a
function of the bias voltage. The well known root
square dependence of W on V, has been found, which
demonstrates the procedure reliability.

The results referring to GaAs diodes have demon-
strated that the depletion layer thickness evaluation can
be misleading if the detector’s high resistivity is not
taken into the due consideration, since the actual voltage
drop between the depletion layer boundaries can signifi-
cantly differ from the voltage applied to the detector.

The accurate measurement of the depletion layer
width is of fundamental importance to evaluate detector
performance. More theoretical and experimental work
has to be done in order to explain both the root square
and the linear dependencies of space charge width on the
effective voltage.
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Discussion with Reviewers

A. Jakubowicz: In Figure 4, one can see that not only
the width at half-maximum increases with voltage, but
also the intensity measured at maximum. At low volt-
ages, there is a clear increase of the intensity with
voltage: above 30 V, the maximum intensity saturates.
This intensity versus voltage dependence is very similar
to the curve in Figure 8. In both cases, the curves
saturate at about 30 V. Can this similarity be explained?
Is it accidental?

Authors: This similarity is accidental: in the detector
we referred to in Figures 4 and 8, this coincidence oc-
curs, while in other detectors investigated it does not
occur.

A. Jakubowicz: AtO0 V and at low bias voltages (up to
about 30 V), the curves in Figure 4 have a peak shape
(there is no plateau up to about 30 V, which means that
at each beam position different number of carriers are
collected). The authors use the width at half-maximum
as a measure of the depletion layer width, which, at low
and medium voltages, is strongly affected by the decay-
ing part of the curves. Can the authors, in a general
case, distinguish between two possible contributions to
the width at half-maximum: (1) processes in the electric
field of the depletion layer, and (i1) diffusion in the
neutral material?

M. Kittler: You are identifying the depletion layer
width by the half-height width of the photocurrent pro-
file. This would be absolutely true if there would be a
constant charge-collection within the depletion layer but
a zero charge-collection (or at least a very small collec-
tion) in the neutral semiconductor material outside the
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depletion region. Analyzing the experimental OBIC
profiles, it seems to me that especially the profiles taken
for SI GaAs (Fig. 4) exhibit a clear diffusion controlled
decay {photocurrent xexp(-x/L)} whereas the profiles
taken for Si (Fig. 6) look to be less influenced by the
diffusion current coming from the neutral region. This
might be one reason for the fact that the (half)width-ver-
sus-voltage dependency is harder to interpret for SI
GaAs. Please comment.

Furthermore, to identify the transition from drift to
the diffusion controlled photocurrent in the experimental
profile I(x), Oelgart et al. (1981) plotted dI(x)/dx versus
the probe position x and suggested that the minimum of
this plot describes the border of the depletion region.
Using this procedure for the determination of the width-
versus-voltage dependency, they were even able to
distinguish between different types of dopant profiles
(abrupt, linearly graded, etc.). Could this method of
identifying the depletion layer width also be useful in
your case, especially for the SI GaAs material?
Authors: The most reliable method to distinguish be-
tween the drift-controlled region (that is the depleticn
layer) and the diffusion-controlled region undeniably
consists in the determination of the minimum value of
the derivative of the photoinduced current profile I
versus probe position x, as reported in Oelgart et al.
(1981). In the present case, however, we could not
apply this method owing to the reasons below.

Due to the low voltages applied and the high resis-
tivity of the semiconducting silicon diodes investigated,
the depletion layer electric field was expected to be very
low. To avoid any electric field perturbation, the scan-
ning beam light intensity (and thus, the generation rate)
was reduced as low as possible. The noise penalty im-
posed by examining the device cleaved edge in such con-
ditions caused a wide dispersion in the data relevant 0
the minimum of the derivative dI(x)/dx. Therefore, the
procedure based on the plot of dI(x)/dx did not yield the
most appropriate result when applied to devices realized
with such high resistivity silicon.

Since the photocurrent profiles were approximately
square-shaped for V, = 2V (thus, only slightly influ-
enced by the carrier diffusion), we adopted the photocur-
rent profile half-height width as measurement of the
depletion layer width.

For consistency in the analysis of all diodes, we
applied the same method to the semi-insulating GaAs
Schottky diodes, too. Nevertheless, we analyzed the
photocurrent profiles taken for GaAs also with the
"derivative minimum procedure”. We obtained the same
bias dependence of the depletion layer (square root at
low voltages and linear at higher voltages), while the
numerical values were little higher (= 5%).

With respect to the uniform SI GaAs material here
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investigated, we analyzed only Schottky barrier diodes,
where there was no problem of dopant profile determi-
nation. However, Oelgart’s procedure should expectedly
work when applied to diffused p-n junctions.

D.B. Holt: The use of charge collection scanning light
microscopy to measure the depletion layer width and the
demonstration of the importance of allowing for the sig-
nificant drop of potential across the large series resist-
ance in these samples is very satisfying. The micro-
graphs in Figure 3, however, suggests a number of
questions. Figure 3a shows significant variations in both
the width and brightness of the depletion layer. This
would appear to correspond to differences in the height
and the position of the right-hand edge of line scan
peaks like those in Figure 4. These in turn correspond
to variations in W and in the field or collection efficien-
cy of the material in the depletion region from point to
point over the Schottky contact. How large, quantita-
tively, are these variations? Are they large enough to
correspond to significant changes in the value of doping
density? Are they large enough to affect detector device
performance?

Authors: OBIC investigations have been performed on
several beam scan lines for each device examined just
because of the reason reported by the Reviewer. We
measured variations within the range 5-10% in the de-
pletion layer value, without any effect on its voltage
dependence. The observed variations surely affect the
detector device performance since they correspond to
significant inhomogeneities in the trapping center density
(the material is no intentionally doped).

D.B. Holt: In Figure 3a, the top edge of the depletion
region image shows large variations. This corresponds
apparently to changes in the position (depth) of the met-
al/GaAs interface, due perhaps to uneven penetration or
diffusion. Is this the case or is some other effect such
as masking of the beam by surface debris responsible?

Reviewer 1V: Why are the OBIC-current (observable
in Figs. 4 and 6) and the EBIC-current (observable in
Fig. 3a) so low at the metal-semiconductor-interface of
the Schottky diodes? Usually, the electric fields inside
a Schottky diode are highest at the interface between the
metallization and the semiconductor. Thus, a complete
separation of the electron hole pairs and, thus, the
highest current is expected at this interface.

Authors: To evidence the depletion layer the amplifier
black level and gain have been adjusted to enhance the
depletion layer brightness. Owing to this adjustment,
the actual depletion layer width seems, in the EBIC
micrograph, narrower than it actually is and results from
the beam line scan profiles. However, a "surface" re-
combination region exists, which is due to presence of
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trapping centers due to surface debris. It can be, con-
versely, excluded uneven penetration or diffusion since
the Schottky barrier is evaporated and no successive
thermal treatments are performed.

J.C.H. Phang: A beam chopper and a lock-in amplifier
are used in the experiment. What is the beam chopping
frequency and is there likely to be effects of the C, Rp
and Rg combination?

Reviewer 1V: What is the value of the used chopping
frequency? This is important for investigations if deep
traps are periodically recharged in the specimen.
Authors: We used two beam chopping frequencies: 16
and 72 Hz. With so low values, the ‘output signal was
unaffected by our detector characteristic RpC factor.
Considering results from the I-V curve reported in Fig-
ure 2 as an example, the relevant values of Rg, Rp and
Care 7.7 x 10° Q, 4.5 x 10% Q, and 2.2 pF, respec-
tively, at V, = 40 V that corresponds to a depletion
layer W equal to 70 um (diode diameter = 2 mm). In
all the tested detectors, the diode constant RpC was of
the order 107 s, which is negligible in comparison to the
light probe period.

J.C.H. Phang: It is necessary to use a beam chopper-
lock-in amplifier for this experiment instead of direct
OBIC measurements?

Authors: In principle, it is possible to perform direct
OBIC measurements, too. Indeed, preliminary direct
measurements have been performed to check possible
frequency effects. These measurements gave the same
results as those obtained by chopped light induced cur-
rents, measured with a lock-in amplifier. However, as
the former data were more noisy, since the photon flux
is so low that the photo-generated carrier density is
comparable to the trap concentration, we preferred to
work with photocurrent profiles obtained by the lock-in
technique.

Reviewer IV: Why is the boundary of the depletion
layer inside the specimen sharp? If the net charge car-
rier density on the GaAs substrate would be really very
low (as could be expected by a resistivity of p = 107
().cm) this sharp border could not be explained. What
about the role of deep centers?

What is the physical reason for a depletion layer
width of only W = 19 um for an unbiased Schottky
diode? Using your equation (2), a net doping of N =
3.3 x 10!2 cm™ can be calculated! So, the GaAs was
not semi-insulating? What about the influence of deep
centers (point defects)?

Z.Q. Fang: According to the Rg model, an effective
voltage V ¢ of ~ 50 V with a density of ionized donors
Np = 1.26 X 1013 e¢m is roughly deduced from the
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corrected curve of Wversus V¢ in Figure 9. However,
the N, seems too small and cannot be EL2, which need
to be explained. Also, the linking of data points (W)
seems to be with some uncertainty. Please comment.
Authors: The sharpness of the depletion layer edge in-
side the sample can be explained by the following two
causes.

(1) As with the depletion layer edge near the Schot-
tky barrier (see the relevant answer to Dr. Holt), we
adjusted the microscope working conditions to enhance
the depletion layer brightness. Owing to this adjust-
ment, in the EBIC micrograph the boundary of the de-
pletion layer inside the specimen is sharper and, conse-
quently, the depletion layer width narrower than it
actually is from the current profiles (Fig. 4).

(2) As suggested by both these Reviewers, the deep-
level center role, too, need to be considered. This
clearly arises from Figure 9, where the density of free
carriers Np = 1.26 X 10! cm™ (found by fitting all
the experimental data of W up to 50 V and not from a
single value of W) is too small to be accounted for EL2
and too large to be accounted for the net doping density.
It should be noted that for samples with deep-level trap
concentrations comparable to or larger than the doping
concentration, the free carrier density in the depletion
width expression is equal to the difference between the
doping density (Np - N) plus the ionized donor-type
deep level density and the sum of all deep levels below
the Fermi level. Similar considerations are reported by
Lai et al. (1993). It is worth noting that in our GaAs
detectors, several deep levels have been found
(Castaldini et al., 1995), both donor-type and acceptor-
type, and that the fitting value we are speaking about
refers to a W range, where different bias conditions
(and, consequently, Fermi level position and deep level
occupancy) have been used. Thus, the fitting value N,
is meaningful only if explained as free carrier density in
the depletion width due to interaction between shallow
and deep donor levels and "averaged" over the whole
range of bias where the fitting procedure has been per-
formed.

About the linking of data points, we used two differ-
ent linking curves (dotted and dashed) to put into evi-
dence the two voltage dependencies of W. Some uncer-
tainty in the data linking occurs in this interval, sjnce the
transition from the square root dependency to the linear
dependency cannot be sharp due to its dependency on
the EL2 capture cross section change.

Reviewer IV: Only two GaAs specimens, with thick-
nesses 80 um and 465 um, have been investigated. So,
why have you not investigated specimens in the thick-
ness range 80 to 465 um?

Z. Fang: To confirm the series resistance (Rg) model,
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presented in this paper, it is better to provide a com-
parative result on two SI GaAs samples with different
thickness to show the effect of Rg.

Authors: We investigated several samples with differ-
ent thickness. However, in this paper, we focused our
attention on specimens about 100 um and 400-500 um
thick because these two values are, or have been, the
most technologically interesting ones for the application
as radiation hard detectors. Indeed, the 100 um thick
detectors recently demonstrated to be the most efficient
ones, while the 400-500 um thick ones have being used
up to now. Diagrams and micrographs reported in the
text refer to "typical examples" of a general behavior.

M. Kittler: How strong could a misorientation (i.e.,
border of depletion layer inclined to the beam direction)
affect the accuracy of determination of the depletion
layer width?

Authors: The determination of the depletion layer
width (W) was made in edge-view configuration with the
junction surface parallel to the light beam so as the
cleaved surface was inclined in respect to the scanning
probe. The cleaved surface-microscope distance was
kept constant to work with in-focus conditions. In this
way, the misorientation problem was minimized, which
otherwise would have been considered. Indeed, the mis-
orientation would affect the accuracy of the determina-
tion of the depletion layer width depending on the angle
between cleavage plane and junction plane (in the
present case, the plane {100}).
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