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Charge transport properties of p-CdTe/n-CdTe/n"-Si diode-type nuclear radiation detectors,
fabricated by growing p-and n-type CdTe epilayers on (211) n*-Si substrates using metalorganic
vapor-phase epitaxy (MOVPE), were studied by analyzing current-voltage characteristics
measured at various temperatures. The diode fabricated shows good rectification properties,
however, both forward and reverse biased currents deviate from their ideal behavior. The forward
current exhibits typical feature of multi-step tunneling at lower biases; however, becomes space
charge limited type when the bias is increased. On the other hand, the reverse current exhibits
thermally activated tunneling-type current. It was found that trapping centers at the
p-CdTe/n-CdTe junction, which were formed due to the growth induced defects, determine the
currents of this diode, and hence limit the performance of the nuclear radiation detectors

developed. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4828479]

. INTRODUCTION

Cadmium telluride (CdTe) and cadmium zinc telluride
(CZT) have emerged as the materials of choice for nuclear
radiation detector development as they offer good energy re-
solution, high detection efficiency, and room temperature
operation. There are several reports on spectroscopic detec-
tors as well as imaging arrays based on these materials which
demonstrate excellent performances.'”’ These devices are
presently fabricated using melt-grown single crystal wafers.
However, growth of large-area, single crystal CdTe/CZT
wafers with uniform material properties is very difficult. As
a result, use of these crystals is limited to devices with rela-
tively smaller dimensions. In this regard, vapor phase growth
of thick CdTe layers on easily available large-area foreign
substrates seems plromising.g’10

In order to obtain large area crystals with uniform mate-
rial properties, we have been studying metalorganic vapor-
phase epitaxy (MOVPE) growth of thick single-crystal CdTe
epitaxial layers on Si substrates.'® As the growth is possible
at lower substrate temperatures compared to the melt-growth
temperatures, uniform layers with high crystal quality can be
obtained. This technique further offers flexibilities to control
thickness and electrical properties of the grown layers as
growth rate and amount of external dopants can be strictly
controlled during the growth. This allows tailoring the prop-
erties of the CdTe layers according to the device require-
ments. However, the large differences in the lattice constants
and the thermal expansion coefficients between CdTe and Si,
along with the difference in the nature of their chemical
bonding characteristics make this growth extremely chal-
lenging. There are some reports on high quality single crystal
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CdTe grown on Si, which are typically a few um thick.'"'?

These CdTe were mainly intended as a lattice-matched
buffer layers for the subsequent HgCdTe growth for infrared
detector development. Hence, x-ray, gamma ray detectors
fabrication using thick CdTe epilayers with structure that
employs carrier transport vertically across the epilayer/
substrate junction is not fully explored.

We are developing nuclear radiation detector using thick
single crystal CdTe epilayers grown on Si substrates. Despite
above mentioned growth challenges, we already achieved
high crystal quality thick single crystal CdTe layers
(>260 um) on the (211) Si substrates.'®'® We particularly
used (211) oriented Si substrate as it offers twins or double
domains free growth. All grown CdTe layers were single
crystalline, with the double crystal rocking curve (DCRC)
FWHM values from the (422) reflection were in between
140 and 200 arc sec for layers thicker than 18 yum. The 4.2K
photoluminescence measurement showed sharp and high in-
tensity bound excitonic emission, but very weak defect
related deep emission, confirming the high crystalline quality
of the grown layers.'> We further developed detectors in a
p-CdTe/n-CdTe/n*-Si diode structure, and confirmed that
they are capable of detecting x-rays, gamma rays, and spec-
trally resolve their energies.'®'*~'> The detector is operated
by applying a positive bias at the electrode on the n*-Si side
(reverse-bias mode). Electric charge carriers are mostly gen-
erated in the thick CdTe layer due to photon absorption,
transverse vertically across the junctions due to the applied
bias, and generate electric signal at the electrodes. Hence,
understanding of the charge transport through the junctions
becomes necessary to improve the performance of these
diode-type detectors further. We studied the charge transport
property of the p-CdTe/n-CdTe/n"-Si diode, which was per-
formed by analyzing the current-voltage characteristics at
different temperatures. Here we present detailed results of

© 2013 AIP Publishing LLC
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FIG. 1. Schematic diagram of the p-CdTe/n-CdTe/n*-Si diode. The n-CdTe
and p-CdTe layers were epitaxially grown by MOVPE and were typically 5
and 100 pm thick.

our study and discuss the charge transport mechanisms that
satisfy the results experimentally obtained.

Il. EXPERIMENTAL

Fig. 1 shows schematic diagram of the p-CdTe/
n-CdTe/n*-Si diode-type detector that was fabricated using
single-crystal CdTe epitaxial layers grown directly on the
(211) n*-Si substrates in a custom-designed vertical-type
MOVPE reactor.'®"*'* Typically 5um thick n-CdTe layer
was grown at 350°C on 12mm x 18 mm sized n"-Si sub-
strates. The n-CdTe layer was doped with ethyl iodide to an
electron concentration of mid 10'°cm ™. The p-CdTe layer,
on the other hand, was typically 100 um thick, grown at
560 °C, and not intentionally doped as we need high resistivity
layer to fully deplete the diode. This layer exhibits a p-type
conductivity with the typical net acceptor concentration
(N4-Np) of 10"*cm ™3, derived from the capacitance-voltage
measurement.'® Finally, gold electrodes were evaporated on
the p-CdTe side and on the back side of the n™-Si substrate
after proper surface treatments to make the ohmic contacts.
The diode detectors were then diced into 1mm X 1 mm
pieces. The current-voltage (I-V) characteristics of the diodes
were measured in dark on a probe-test station integrated with
an Agilent power device analyzer (B1505A) and thermal con-
trol system. This measurement system allows us to measure
the device current down to sub-pico ampere level, and precise
control of temperature in a wide range.

lll. RESULTS AND DISCUSSION

Fig. 2 shows the typical current-voltage characteristics
of the p-CdTe/n-CdTe/n"*-Si diode at room temperature. It
shows good rectification property, where a large current
flows when a positive bias is applied on the contact on
p-CdTe side (forward bias), but current is suppressed to a
low value in the opposite case (reverse bias). Several diodes
fabricated from the same or different growth runs essentially
showed similar characteristics. However, both currents devi-
ate from their ideal behavior described by the standard diode
Eq. (1) below
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FIG. 2. Typical room-temperature current-voltage characteristics of the
diode.

J x exp(%), ()

where 1 is diode ideality factor, £ is the Boltzmann’s constant,
and ¢ is electronic charge. The forward current does not vary
exponentially with applied bias, whereas the reverse current
does not saturate but increase gradually with the applied bias.
In order to determine the current transport mechanism,
current-voltage characteristics were measured at different
temperatures varying from 243 K to 333 K. Fig. 3 shows the
forward J-V characteristics of the diode at various tempera-
tures plotted in a semi-log scale. The characteristics show two
distinct features depending upon the applied forward bias. At
low forwards bias (<0.4V), the J-V characteristics roughly
follow exponential variation, however, at higher biases, the
curves deviate and exhibit a power law dependence.

In the low forward bias region, the slope of the curves is
almost independent of the temperatures. This indicates the
current transport mechanism in this region is mostly temper-
ature insensitive, and hence the forward current can be
expressed by

J =J,(T)exp(AV), (2)
—— 333K
R 318K
Nglo —— 303K
S —— 203K
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FIG. 3. Forward J-V characteristics of the diode at different temperatures.
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where A is a constant insensitive of temperature and J,(7T) is
the extrapolated intercept of the curve with the current axis.
By fitting the forward current data to Eq. (2), we obtained A
values between 12.34 and 13.65, which can be considered
almost insensitive to temperatures. On the other hand, fitting
the data with Eq. (1) yields n values greater than 2 for entire
temperature range, which increases when the temperature
decrease. These behaviors demonstrate that tunneling is the
dominant current transport mechanism in our diodes in low
applied forward biases.'®!” Fig. 4 shows a plot of J, as a
function of temperature in a semi-log scale. The data fit well
on straight line indicating J,, changes exponentially with 7.
This implies that the forward current in low bias region
(<0.4 V) follows the multi-step tunneling through the defects
in the depletion region.'®"'® We consider trapping centers
are formed due to the electrically active defects at the
p-CdTe/n-CdTe junction, which contribute to this tunneling.
Below we explain the origin of these defects in our diode.

For forward bias above 0.4 V, the J-V characteristics fol-
low a power law dependence, J Vz, in all temperature
ranges, which is characteristics of space-charge-limited cur-
rent (SCLC).IQ’20 The SCLC conduction is often reported in
high resistivity wide bandgap semiconductors. Considering
the undoped high resistivity p-CdTe layer with lower carrier
mobility when compared to n-CdTe layer, it is likely that the
space charge limiting of injected electrons from the n-CdTe
in the p-CdTe layer dominates the junction current."”

Fig. 5 shows the reverse J-V characteristics of the diode
measured at different temperatures. The current does not
vary with the square root of the applied reverse bias, suggest-
ing that space charge region generation is not the dominant
mechanism. Moreover, the slope of the curves exhibits a
weak temperature dependence, which implies that tunneling
is a possible current transport mechanism. The reverse cur-
rents were plotted as a function of temperature (Arrhenius
plot) at three different applied biases as shown in Fig. 6. A
straight line fitting to the data yields activation energy, which
was 0.46eV at applied reverse bias of 0.5 V. However, the
activation energies decrease from 0.46eV to 0.33eV when
increasing the applied biases from 0.5V to 30 V. This tem-
perature dependence as well as field dependence suggests
that thermally activated tunneling should be responsible
mechanism for the observed reverse bias current of our
diode.>'* Tt is considered that electrically active defects
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FIG. 4. Extrapolated values of J, as a function of temperature.
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FIG. 5. Reverse J-V characteristics of the diode at different temperatures.

present at the p-CdTe/n-CdTe interface acts as trapping cen-
ters. Hence, the observed reverse current of our diode can be
explained by using previously reported current transport
mechanism for p-n or p-i-n junctions.?'* According to this
mechanism, observed reverse current is considered due to
electron tunneling from the valance band of p-CdTe to a trap
at the interface followed by thermal emission into the con-
duction band of the n-CdTe (or the corresponding process
for hole). The decrease of activation energy with increase of
reverse bias, and hence the increase of currents can be
explained because of the band bending effect. Due to the
increased band bending at higher applied biases, traps of
lower energies favor tunneling/thermal activation pro-
cess. 212324 Moreover, the effect of surface, which affects
the depletion region width and contributes to tunneling or
depletion region generation current as well as surface leak-
age current, is also considered another possible factor con-
tributing to the observed reverse current in our diode.

Now we discuss the origin of the trapping centers and
why we consider the junction formed at p-CdTe/n-CdTe
determines the current transport, even though our diode pos-
sesses a complex structure of p-CdTe/n-CdTe homo-junction
and n-CdTe/n"-Si iso-type heterojunction. As explained ear-
lier in introduction section, Si and CdTe have large differen-
ces in the lattice constants and the thermal expansion
coefficients. This leads to strained layers, where the stress is
relieved by generating high densities of dislocations when

107 ; .
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> 107¢
5 108
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FIG. 6. Temperature dependence of reverse currents at different applied

biases of 0.5, 3, and 30 V.
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FIG. 7. Schematic energy band diagram of the n-CdTe/n"-Si isotype hetero-
junction (a) ideal interface and (b) modified interface due to interface states.

CdTe layers are grown in Si substrates. These dislocations
not only localize at growth interface of the n-CdTe/n"-Si but
also propagate upwards into the grown epilayers (n-CdTe
and p-CdTe). Moreover, change in growth temperature from
n-CdTe to p-like CdTe growth may be another source for
generating electrically active defects; however, it needs
further verification. Hence, these dislocations along with
other growth-induced point defects and/or their complexes
create trapping centers in the space charge region of
p-CdTe/n-CdTe, and assist tunneling of carriers, as explained
above. The iso-type heterojunction at n-CdTe/n"-Si, on the
other hand, offers an ohmic conduction at the junction and
do not control the current conduction of the diode. Fig. 7
shows schematic energy band diagrams of the n-CdTe/n"-Si
junction based on Anderson model with an ideal interface
and that with considering the interface states.””*® Because of
large interface states, and also since nt-Si is much more
heavily doped when compared to n-CdTe, this junction
offers ohmic behavior.”>*® The ohmic conduction through
the n-CdTe/n"-Si junction was also confirmed experimen-
tally by fabricating an n-CdTe/n+-Si junction and measuring
the /-V after putting ohmic contacts on n-CdTe side and back
side of the n"-Si substrate.

We have already confirmed that this diode structure is
capable of detecting gamma rays and resolving their energies.
However, it seems that growth induced defects, mainly dislo-
cations and other point defects, control the reverse leakage
current, and limit the detector performance. Further reduction
of crystal defects is necessary to improve the performance of
the detector further. One of the possible ways to reduce the
defect density at the interface would be performing the ther-
mal cyclic annealing at the early stage of the growth. Our
recent investigation shows that both in-situ cyclic annealing
as well as rapid thermal annealing performed ex-situ on thin
CdTe layers improve the crystal quality as revealed from the
XRD and PL measurements. We are further optimizing these
annealing conditions. Moreover, making the n-CdTe layer
thicker and increasing the doping levels will be investigated
to improve the device properties further.

IV. CONCLUSION

Charge carrier transport properties of p-CdTe/
n-CdTe/n"-Si junction that is used as a nuclear radiation de-
tector is discussed. The diode-type detector was fabricated
by growing n-CdTe and p-CdTe single crystal epilayers on
(211) n"-Si substrate using MOVPE. The diode fabricated
exhibits good rectification properties, where forward current

J. Appl. Phys. 114, 164510 (2013)

increases rapidly with applied bias, but the reverse current
remains low and increases gradually with the applied bias.
However, both currents do not follow the ideal behavior of
p-n diodes. It was found that forward current was due to
multi-step tunneling at lower applied biases, but changes to
space charge limited current at higher biases. On the other
hand, reverse current was mainly due to the thermally acti-
vated tunneling mechanism. It was found that trapping cen-
ters formed due to growth induced defects enhance the
tunneling process. Moreover, the p-CdTe/n-CdTe junction
mainly determines the current transports in both forward and
reverse bias case, while conduction at the n-CdTe/n*-Si
junction was ohmic. Reduction of growth-induced crystal
defects will be required to further improve performance of
the detectors fabricated using this diode structure, which we
think will be possible by performing annealing of the CdTe
layers at the early stage of the growth.
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