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Abstract
The photoconductivity of CdTe nanocrystal films was investigated by employing a
ZnO/CdTe/In multilayer device structure. CdTe was deposited on a ZnO electrode by a pulsed
electron-beam technique at argon background gas pressures of 9, 13 and 17 mTorr. Using two
photo-excitation sources (visible and near-infrared), the device with the CdTe deposited at
17 mTorr demonstrated the highest photocurrent to dark current ratio, suggesting the highest
quantum efficiency among the three different devices. It also demonstrated the highest short
circuit photocurrent and the fastest photocurrent decay. These results are attributed to the
formation of more nanocrystals at 17 mTorr with enhanced optoelectronic properties.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

CdTe is a technologically important material with major
applications in solar energy conversion and photodetection.
With its bulk bandgap energy (Eg) of ∼1.5 eV (∼820 nm),
CdTe thin film solar cells are ideal for large area and low
cost terrestrial photovoltaic systems. They have achieved
power conversion efficiencies up to 16.2% [1] but this is still
far from their theoretical photovoltaic conversion efficiency,
which is around 28%. Clearly, there are still some issues
that need further understanding to obtain efficiencies closer
to the theoretical limit. One of which is the role of grain
boundaries (GBs) in the film. There are several thin film
polycrystalline solar cells that significantly outperform their
single-crystal counterpart [2]. GBs limit photocurrent transport
in the films but it has been reported that they can also enhance
the dissociation of electron–hole (e–h) pairs, which improves
photocurrent collection along GBs [3]. This competing
mechanism suggests that there may exist an optimum CdTe
morphology where the limiting effect of GBs is minor as
compared to the improvement in the efficiency due to the
enhanced e–h dissociation along the GBs. A similar argument
arises between a smooth film with reduced GBs versus a
nanocrystal film with a large number of interparticle GBs.
The smooth film will have better electrical conductivity

but the nanocrystals, which have been observed to exhibit
larger absorption coefficients [4], are expected to have higher
quantum efficiency (QE).

To experimentally address these issues, a method to
fabricate CdTe nanocrystal film with controllable morphology
is desirable. This may be achieved by controlling
the nanoparticle formation during the deposition so that
morphology can vary from smooth films (less GBs) to
nanocrystal films consisting of many nanoparticles (more
GBs). However, with the mature techniques to fabricate CdTe
films such as vacuum evaporation, electrolytic deposition,
spray pyrolysis, atomic layer epitaxy and closed-spaced
sublimation [5], control of morphology is fairly difficult
and most often post-deposition thermal annealing, which can
modify GB chemistry and properties, is necessary. Therefore,
it is worthwhile to explore other techniques to fabricate CdTe
nanocrystal films with controllable morphology and investigate
the photoconductivity of such films in a multilayer device
structure similar to solar cells and photodetectors. In addition,
such techniques can be extended to fabricate nanostructured
semiconductors, which have received appreciable attention
recently due to their unique properties. For example, CdTe
nanorods, tetrapods and nanoparticles have been explored in
organic–inorganic active layers for hybrid solar cells [6–8].
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The dependence of Eg to the semiconductor dimension due
to quantum confinement effects can be exploited to achieve
optimum sunlight absorption and power conversion efficiency.
Semiconducting nanocrystals exhibiting quantum confinement
effects are very attractive for photosensitization of wide band
gap semiconductors [9, 10] because they have enhanced QE.
In fact, multiple exciton generation and electrical extraction
from a PbSe nanocrystal photoconductor has already been
reported [11].

In this work, it is demonstrated that pulsed electron-beam
deposition (PED) is an attractive technique to deposit CdTe
nanocrystal films with varying morphology. By investigating
the photoconductivity in these films, it was observed that
the film with the largest number of nanocrystals had the
highest photocurrent to dark current ratio (γ ) indicative of
high QE of the nanocrystals. It also exhibited the highest
short-circuit photocurrent (ISC), which suggests that the grain
connectivity in the CdTe film prepared by PED is not a
major concern so its current limiting effect may be masked
by other mechanisms such as the enhanced charge carrier
generation in the nanocrystals and efficient charge separation
along the GBs. This is an important result because in
the applications of CdTe for solar energy conversion or
photodetection, efficient generation of e–h pairs in the CdTe
and the subsequent electrical extraction, are key to achieve high
device performance.

2. Experiment

A commercial CdTe target was employed for PED. In all
depositions, the following parameters were fixed: (a) target-
to-substrate distance: 50 mm, (b) average electron energy:
15 keV, (c) repetition rate: 2 Hz (d) pulsed width: 100 ns
and (e) substrate temperature: 300 K. Argon was employed
as the background gas. To vary the morphology of CdTe
films, three values of background gas pressure (PB) were
selected. For convention, CdTe samples that were deposited
at 9, 13 and 17 mTorr were referred to as S-9, S-13 and S-17
respectively. They were deposited on several mica and silicon
substrates for AFM (atomic force microscopy), SEM (scanning
electron microscopy) and RBS (Rutherford backscattering
spectroscopy) analysis. Similarly, devices prepared at 9, 13
and 17 mTorr were labeled as D-9, D-13 and D-17 respectively.
They were prepared on several glass substrates pre-coated with
a 150 nm-thick ZnO film. CdTe was deposited on the middle
region of the ZnO film using a mask. It should be mentioned
that since the deposition rate varies with PB, the number of
pulses was adjusted accordingly based on prior calibration.
This maintained comparable thickness of CdTe film for each
device. The CdTe film was sandwiched between the ZnO
and Indium (In) electrodes to form a simple ZnO/CdTe/In
multilayer device structure. The In back electrode (area ∼1.5×
1.5 mm2) was pressed on the CdTe film. This contacting
method was tested several times to ensure consistent device
performance. Electrical characterization was performed using
a Keithley 2400 sourcemeter. Two different light sources were
used to provide photo-excitation of the devices at visible and
near-infrared (NIR) wavelengths. One was a 632 nm laser and

the other one was a halogen lamp equipped with a long wave
pass filter with cutoff at 760 nm. At the position of the device,
the power density of the two different illuminations was set
to ∼2 mW cm−2. In the measurement, light was incident on
the ZnO-coated substrate. Bias on the devices was swept from
−1.5 V to +1.5 V. NIR photocurrent decay of the devices at a
constant bias of −1 V was also characterized. Finally, a UV–
visible–NIR spectrophotometer was employed to measure the
optical transmittance of the devices in the wavelength range of
300–1000 nm.

3. Results and discussion

SEM images of the CdTe films deposited on silicon wafer are
shown in figures 1(a)–(c). All of them have isolated particles
bigger than 50 nm but among the three, S-9 has the smoothest
surface with few nanoparticles smaller than 20 nm. For S-13,
there seems to be clustering of nanoparticles as indicated by
the bright-looking islands. S-17 features the largest number
of nanoparticles on the surface. These observations are
consistent with the AFM analysis. Using just 100 pulses, a
reasonable number of isolated nanoparticles were collected on
mica substrate for particle size measurement. The results are
shown in figures 1(d) and (e). S-17 exhibits the highest number
of nanoparticles per unit area (∼25.6 particles μm−2) but with
the smallest dominant particle size of 1–2 nm. S-13 has the
second highest nanoparticle density (∼15.2 particles μm−2)
with a dominant particle size of 7–8 nm. For S-9, it was
extremely difficult to find a measurable particle distribution.
This suggests that the deposition at 9 mTorr is dominated by
smooth film formation consistent with figure 1(a). Based on
AFM and cross-sectional SEM analysis, it is likely that CdTe
deposition at these PB values yields a mixture of smooth film
and nanocrystals. The smooth film constituent decreases as
the nanocrystal formation takes place. Thus, S-9 has more
smooth film constituent but lesser number of nanocrystals as
compared to S-13 while S-17 has the least amount of smooth
film constituent but the highest number of nanocrystals. This
interpretation is in agreement with the images in figure 1. It
is worthwhile to mention that the explanation for the decrease
in particle size due to PB increase has been reported on the
PED of YBCO precursors [12]. Using RBS, the Cd to Te ratio
for all the samples was determined to be 1 within experimental
uncertainty. This indicates that at the selected PB values, the
ablation and deposition of the Cd and Te species is congruent.

The setup for the device characterization is depicted in
figure 2(a). The thickness of the CdTe film was ∼500 nm and
the sheet resistance of the ZnO electrode was ∼300 k�/square.
Figure 2(b) represents a typical dark I –V curve of the device.
In this measurement, the In electrode was positive at forward
bias. The curve reflects two basic processes in the device: (a)
injection of charge carriers from the electrodes into the CdTe
film and vice versa and (b) transport of the carriers in the film.
Since there are two junctions in the device (ZnO/CdTe and
CdTe/In), the current exhibits exponential increase with either
forward or reverse bias. The presence of an energy barrier
at each interface causes the current in the device to have a
nonlinear voltage dependence in both directions. At forward
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Figure 1. Scanning electron microscope images of CdTe nanocrystal film deposited on silicon wafer by a pulsed electron deposition
technique at argon background gas pressures of (a) 9 mTorr, (b) 13 mTorr and (c) 17 mTorr. Nanoparticle size distribution analysis for CdTe
deposited on mica under (d) 13 mTorr and (e) 17 mTorr.
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Figure 2. (a) Device structure and measurement setup. (b) Representative dark I–V curve of the device and its (c) energy level diagram.

bias, the current in the device is limited by the ZnO/CdTe
interface. Electron injection from ZnO to CdTe is hindered by
the large barrier that is formed when CdTe is biased at higher
potential than ZnO. On the other hand, electron injection from
CdTe to In only encounters a small barrier due to the lowering
of the Fermi energy of the In with respect to the Fermi energy
in the CdTe. At reverse bias, the electron barrier at ZnO/CdTe
is lowered while the larger barrier is formed at the CdTe/In
interface. This hinders the electron injection from In to CdTe
and thus limit the current in the device. Figure 2(c) shows
the energy level diagram of the device. It can be seen that
the photogenerated electrons in the CdTe can transfer to the
ZnO. Thus, the reverse bias I –V curve reflects the behavior
of the ZnO as an electron acceptor, which is relevant for
photovoltaics. Due to its relevance, the reverse bias I –V curve
was chosen for the analysis of photoconductivity. It should
be mentioned that previous experiments also demonstrated
that the photogenerated electrons in CdTe quantum dots could
transfer to the ZnO nanowires [10]. This was verified in this
work when the direction of the measured ISC in these devices
was observed to flow from ZnO to CdTe.

Figure 3 shows the I –V curves of the three devices at
reverse bias. For convenience, the absolute values of the
current and the bias are displayed in the figure. The black
closed-square symbols represent the dark I –V . Over the
entire bias range, the lowest dark current is exhibited by D-
17 followed by D-13 and then D-9. This is consistent with
the previous observation that S-17 had the largest number of
nanocrystals and the least smooth film constituent. Thus, D-
17 is expected to have the highest amount of GBs, which
suppress the dark current. On the other hand, D-9 exhibits the
highest dark current because it is expected to consist mostly
of smooth film with only few nanocrystals similar to S-9. For
photodetection, one of the most important parameters is the
photocurrent to dark current ratio γ . For a semiconductor
sandwiched by two Ohmic contacts, γ is determined by the
increase of the charge carrier density (n) in the conduction
band, which makes it independent of the bias voltage. Thus,
it is an indirect measure of QE. In figure 3, the open-circle
and closed-circle symbols correspond to I –V under NIR and
632 nm photo-excitation respectively. To examine whether a
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Figure 3. I–V curves of devices (a) D-9, (b) D-13 and (c) D-17 under different photo-excitations.

bias independent γ could be assumed for the ZnO/CdTe/In
devices in the bias range of 0 down to −1.5 V, two functions,
labeled here as ID(V ) and IP(V ) which fit well to the dark
and photo-excited I –V curves respectively were determined.
If the ratio of these two functions is constant, then γ is bias
independent and its average is simply IP(V ) divided by ID(V ).
It was found that a diode-like equation of the form:

I (V ) = I0[e(α|V |) − 1] (1)

could fit fairly well to the experimental I –V curves with the
appropriate values of the parameters I0 and α. Moreover, for
each device a single value of α could be used to represent the
dark and the photo-excited I –V curves. With a constant α,
only the value of I0 changes under different photo-excitation.
Thus, the average γ can be expressed as:

γ = IP(V )

ID(V )
= I0P

I0D
(2)

where I0P and I0D are the values of the parameterI0 in the
dark and under photo-excitation respectively. These findings
reveal that γ is indeed constant in bias range of 0 down to
−1.5 V. They also indicate that γ is mainly determined by
the increase of n in the CdTe nanocrystal film. However,
the presence of small ISC also suggests a weak photovoltaic
effect. In figures 3(a)–(c), the quality of the fittings (solid
curve) is illustrated. From the analysis, the corresponding
α values are 0.75, 0.9 and 1.15 for D-9, D-13 and D-17
respectively. Under NIR and 632 nm, γ values are 1.26 and
1.78 respectively for D-9. For D-13, γ values are 1.58 and 2.21
respectively. The slightly higher γ for D-13 is attributed to its
higher number of CdTe nanocrystals, which have been reported
to exhibit higher absorption coefficients as compared to their
smooth thin film counterpart [4]. This interpretation is further
supported by D-17, which has γ values of 15.9 and 21.2 under
NIR and 632 nm respectively. This device demonstrates the
highest QE among the three because it has the highest number
of nanocrystals. In fact, results from optical transmission
measurement of the devices revealed that D-17 has the largest
number of nanocrystals that exhibit quantum confinement
effects. The enhanced QE of the nanocrystals results to the
increase of γ in D-17 by approximately a factor of 10. In
addition, the increase in photocurrent when photo-excitation
source was switched from NIR to 632 nm while maintaining

intensity was highest for D-17. The difference in γ values
corresponding to 632 nm and NIR photo-excitation, which
yields the photocurrent increase normalized by the dark current
was 5.3, 0.6 and 0.5 for D-17, D-13 and D-9 respectively.
The increase in photocurrent under 632 nm photo-excitation,
is attributed to the generation of e–h pairs in the CdTe
nanocrystals with band edge absorption below 760 nm but
above 632 nm. Thus, they exhibit photoconductivity under
632 nm but not under NIR. Based on this interpretation, D-17
should have the highest number of such nanocrystals followed
by D-13 and D-9. Again, this is in agreement with the SEM
and AFM analysis. When the ISC of the devices at 632 nm was
compared, D-17 demonstrated the highest value at 0.5 nA as
compared to 0.25 nA for D-9 and almost zero for D-13. This
implies that the current limiting effect of GBs may be masked
by other mechanisms in the film such as the enhanced QE of
the nanocrystals.

Results from NIR photocurrent decay measurements also
showed that D-17 exhibits the fastest decay implying the
least number of hole traps that slows down electron–hole
recombination rate. The normalized photocurrent decay curves
of the three devices are depicted in figures 4(a)–(c). They are
observed to comprise of two major processes. After turning off
the light, the decay was fast at first and then it slowed down.
Thus, the normalized photocurrent decay was modeled by a
sum of two-exponentially decaying functions of the form:

In(t) = A e−t/τ1 + B e−t/τ2 (3)

where τ1 and τ2 are two characteristic time constants
representing a fast and a slow decay respectively. The former
is generally attributed to bulk-related processes while the latter
is due to surface-related processes. In the normalization, the
current at t = 0, which is the steady state photocurrent,
is set to 1 and this decays to the dark current value, which
is set to 0. In all the devices, the timescale for this decay
was under 10 min. The coefficients A and B , where A +
B = 1, represent weighing factors that quantify the relative
contribution of each mechanism to the decay process. It can be
observed from figures 4(a)–(c) that this model fits nicely to the
experimental data. Figure 4(d) compares the curves that best fit
the photocurrent decay of the three devices. They are plotted in
a logarithmic scale to show clearly the two major decay rates
as indicated by the two different slopes in the curve. It can be
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Figure 4. Normalized photocurrent decay of devices (a) D-9, (b) D-13 and (c) D-17 after the near-infrared photo-excitation source is turned
off. The solid curve is the best fit using the two-exponentially decaying function. (d) Comparison of the fitted curves for the three devices in
log scale.

noticed that the fast decay process is similar for all the devices.
However, the slow decay of D-17 deviates significantly from
that of D-9 and D-13. It was indeed found that the value
of τ1 was 0.36 s for all of them. However, the value of B
was ∼0.1 for D-17 and ∼0.2 for D-9 and D-13. It implies
that the surface-related photoconduction in D-17 is lesser as
compared to D-9 and D-13. This is supported by the lower
τ2 value of D-17 (6.00 s) as compared to D-9 (7.62 s) and D-
13 (7.56 s). These results demonstrate that the nanocrystals
and the associated interparticle GBs in D-17 do not provide
significant hole traps that slow down photocurrent decay in the
device. This is evidenced by the low τ2 value of D-17 despite
having the largest number of GBs. In contrast, D-9, which
consists of the smoothest CdTe film among the three devices,
has the longest τ2 value of 7.62 s. Thus, in the PED-prepared
CdTe nanocrystal films, the significant hole trapping processes
are due to the smooth film constituent that form on the ZnO
surface and not from the nanoparticles that are collected by the
ZnO electrode. The smooth CdTe film constituent on the ZnO
surface is likely dominated by a wurtzite (WZ) phase, which
is expected to have more hole traps based on first-principles
calculations [13]. Previous studies have shown that CdTe can
exist in cubic zinc blende (ZB) and WZ crystal structures.
Furthermore, the energy difference between these two phases
is small [14]. As a result, the metastable WZ phase, which
usually exists as a contaminant in equilibrium ZB CdTe films,
may have been formed favorably on the ZnO, which is a WZ
crystal. In the case of the CdTe nanoparticles that form in the
background gas, they have already a defined crystal structure,
which is likely dominated by equilibrium ZB, before they land
on the ZnO surface to form the nanocrystal film. Thus, D-17

features the fastest photocurrent decay because it consists of
the largest number of nanocrystals with ZB phase. In contrast,
D-9 features the slowest photocurrent decay because it mainly
consists of smooth film with WZ phase. It should be realized
that the hole traps did not degrade the electrical conductivity
of the CdTe films in this work because they were n-type. This
interpretation is further supported by the faster photocurrent
decay in ITO/CdTe/In devices. By replacing ZnO with ITO,
which has a cubic crystal structure, it was observed that both
τ1 and τ2 became faster for the three devices while the trend in
γ was maintained. For the case of D-17, τ1 and τ2 decreased
from 0.36 s and 6.00 s to 0.18 s and 4.8 s respectively.

4. Conclusion

Pulsed electron deposition has been employed to deposit CdTe
on ZnO electrode. The morphology of CdTe was varied by
deposition under different Ar background gas pressures. At
PB values of 9, 13 and 17 mTorr, CdTe nanocrystal films
were formed. They consisted of a mixture of smooth film and
nanocrystals. The presence of nanocrystals reduced the dark
current but increased γ due to their higher QE. In contrast,
the smooth film constituent that formed on the ZnO surface
increased the dark current and slowed down the photocurrent
decay due to its possible WZ phase, which acts as hole
traps. Among all the devices, the one with CdTe deposited at
17 mTorr had the highest number of nanocrystals and the least
amount of smooth film constituent. Consequently, it exhibited
the highest γ , the highest ISC and the fastest photocurrent
decay.
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