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We measure the conductance of close-packed films of CdTe nanocrystals in field-effect structures in the dark
and in the presence of light. We find that the majority carriers are holes, that they are injected from gold
electrodes into the CdTe nanocrystal films, and that the hole density can be modulated with gate voltage.
Secondary photocurrents have a photoconductive gain of �10 at 106 V/cm showing that the hole mobility is
higher than the electron mobility. A single phenomenological description of the field dependence of the hole
mobility can explain the dependence of current on source-drain voltage for both dark and light currents.
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I. INTRODUCTION

Colloidal semiconductor nanocrystals �NCs� are fluores-
cent nanoparticles having a discrete energy structure caused
by the confinement of the exciton. The emission from NCs
can be tuned by varying their size. Applications for NCs
have been demonstrated in a variety of fields ranging from
biological imaging1–8 to novel lasing devices.9–14 Many of
the possible applications for NCs, such as light emitting di-
odes and photodetectors, involve the transport of charge
through films of NCs. Recent research has been directed to-
wards better understanding the electronic conduction in NC
films, not only to engineer better devices, but also from a
basic scientific interest in how the movement of charge
through a solid built of “artificial atoms” differs from con-
duction in a solid composed of natural atoms.

A roadblock in the study of conductance in NC solids has
been the insulating nature of the films. CdSe NC films have
been doped with excess charge in an electrochemical
cell15–17 and excess charge created with photoexcitation18–20

in order to generate currents large enough to study. The mag-
nitude of the photocurrent has been enhanced by annealing
the NCs to decrease interdot spacing21 and, most recently, by
a series of postdeposition chemical treatments which in-
crease surface passivation and also decrease interdot spacing.
The chemical treatments increase the photocurrent by over
three orders of magnitude to levels where it saturates with
applied field.22 The saturation with a photoconductive gain
equal to unity shows that the photocurrent in CdSe NC films
is primary, meaning charge can be extracted but not injected
into the photoconductor from the gold electrodes used in the
experiments.22,23 While high photocurrent with no underly-
ing dark current is an ideal characteristic for an application
like photodetection, the fact that gold forms a blocking con-
tact with CdSe NCs limits the study of the intrinsic transport
properties of the films.

We find that, unlike the CdSe NC system, CdTe NC films
form nonblocking contacts with gold electrodes. In this paper
we demonstrate, by making the film the channel of a field
effect transistor �FET�, that the dominant charge carriers in
CdTe NC films are holes and that the density of holes can be

changed by applying a voltage to the gate. The effect of
trapping on the dark current and photocurrent is discussed,
and the results from photocurrent studies on the CdTe NC
films are presented. Secondary photocurrents are observed in
the CdTe NC films, and they are examined and contrasted
with the photocurrent in CdSe NC films. In addition, a single
phenomenological description of the field dependence of the
rate of tunneling between dots fits the voltage dependence of
the current for both the dark current and the photocurrent.

Our paper is organized as follows: In Sec. II we describe
the sample preparation and measurement techniques used.
Section III provides the results of measurements of dark cur-
rent as a function of temperature, gate voltage, and source-
drain voltage, and photocurrent as a function of source-drain
voltage and temperature. Data are provided for samples as
prepared and treated with butylamine. In Sec. IV we discuss
our results and in Sec. V we summarize our conclusions.

II. EXPERIMENTAL DETAILS

A. Sample preparation

CdTe NCs with a first absorption feature at 680 nm, emis-
sion at 698 nm, and average particle diameter of 6.2±0.4 nm
are synthesized by substituting a telluride for a sellenide pre-
cursor in a previously published procedure for making CdSe
NCs.12 A solution of cadmium 2, 4-pentanedionate �98%�, 1,
2-hexadecanediol, and tri-n-octylphosphine �TOP� is de-
gassed for 1 h at 100 °C. This solution is cooled under argon
and 1.5 M tri-n-octylphosphine telluride �TOPTe� added.
The mixture is then loaded into syringe and injected into a
360 °C hot solvent solution consisting of 99% tri-
n-octylphosphine oxide �TOPO�, hexadecylamine, and
hexaphosphonic acid. The NCs are grown for approximately
10 min at 260 °C and then cooled to room temperature. Hex-
ane is added to the room temperature growth solution and the
growth solution is transferred to the nitrogen atmosphere of
the glovebox for storage.

5 ml of growth solution is processed via previously re-
ported methods to make close-packed films of
NCs.18–20,22,24–27 The main difference between other proce-
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dures and the CdTe procedure is that all processing of the
CdTe NCs is done air free in the glovebox. The first step is to
centrifuge the sample and save the supernatant. The precipi-
tate consisting of TOPO and other salts is discarded. The
NCs are next precipitated by adding methanol and spinning
the solution in the centrifuge. The supernatant is discarded
and the CdTe NCs are dissolved in hexane and butanol. The
solution is then filtered through a 0.2 �m filter. The precipi-
tation process is repeated again using 0.1 �m filter. The
CdTe NCs are precipitated a third time but they are dissolved
in a 9:1 hexane:octane mixture, rather than hexane and bu-
tanol, and passed through a 0.02 �m filter. This solution is
drop cast onto the measurement device, a silicon inverted
field effect transistor �FET�.

The FETs are fabricated by lithographically patterning
gold bar electrodes 200�800�0.1 �m3 on 330 nm of sili-
con oxide.28 The electrodes are spaced by 1 or 2 �m. Top
and cross sectional views of the electrodes are shown in Fig.
1. The FETs are attached onto a 28-pin chip carrier with
silver paint and electrical contacts are made from the elec-
trodes to the chip carrier by gold wire bonds. Devices are
tested by applying high voltage to the source, drain, and gate
electrodes prior to nanocrystal deposition to screen for leak-
age pathways between the electrodes and through the oxide.
Devices with leakage greater than 0.5 pA are discarded.

The chemical treatment with butylamine involves soaking
the CdTe NC film in a 0.1 M solution of butylamine in ac-
etonitrile for 10 min. The film is rinsed with acetonitrile and
then dried in the oven for 1 h at 70 °C.

B. Measurements

All conductivity measurements are performed in a Janis
VPF-100 cryostat under vacuum. Samples are loaded into the
cryostat in the glovebox and are never exposed to air. Cur-
rent, I, is measured and the drain-source voltage, Vds, is

sourced with a Keithley 6517 electrometer. Gate voltage, Vg,
is supplied with an Agilent 6614C DC power supply. A sche-
matic of the electronic setup is given in Fig. 1. An Ar+ laser
at 514 nm is used to photoexcite the samples. It has been
shown previously that photocurrent is not a result of photo-
injection from the electrodes.19 The temperature is monitored
with a Lakeshore 330 temperature controller. Photocurrent
decay measurements are performed by modulating the exci-
tation light with an acousto-optic modulator and monitoring
the current with a Keithley 428 current amplifier and Tek-
tronix TDS 7154 oscilloscope.

The differential conductance measurements are carried
out by applying a constant Vds with the Agilent 6614C dc
power supply. A small ac voltage is added to the drain elec-
trode by a function generator. The resulting ac current is sent
to a current amplifier �Ithaco 1211�, then to a lock-in ampli-
fier �Princeton Applied Research 5301A�, and finally read
from a digital multimeter �Hewlett Packard 34401A�. Vg is
stepped with a Keithley 2400 sourcemeter.

III. RESULTS

Figure 2 shows the dark current through a CdTe NC film
versus Vds at 87 K with gate voltage, Vg=0 V �open circles�,
+40 V �open triangles�, and −40 V �open squares�. The inset
displays the complete I-V curve for the sample with the gate
grounded. For the latter, Vds is swept from 0 V to +60 V
�open squares�, from +60 V to −60 V �open circles�, and
finally from −60 V back to 0 V �open triangles�. The current
is hysteretic with more current on the sweep from 0 V to

FIG. 1. Top �to scale� �a� and cross-sectional views �not to scale�
�b� of the FET measurement device used in the experiments. Gold
electrodes 200�800�0.1 �m3 are patterned on 330 nm of silicon
oxide which is grown on the Si back gate. The electrodes are spaced
by 1 or 2 �m. The pads adjacent to the electrodes �a� are used for
wire bonding to contact the device to the external circuit. The NC
film is drop cast over the entire measurement device and is approxi-
mately 150 nm thick when measured from the SiO2 layer.

FIG. 2. Dark current, I, at 87 K as a function of drain bias with
Vg=0 V �open circles�, Vg=−40 V �open squares�, and Vg=
+40 V �open triangles�. The inset is the full I-V curve with Vg

=0 V and it displays the hysteresis present at low temperature. The
current is swept from 0 V to +60 V �open squares�, from +60 V to
−60 V �open circles�, and finally from −60 V to 0 V �open tri-
angles� and it is higher on the sweep from 0 to +60 V than when the
sweep is reversed. The solid lines serve as guides to the eye.
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+60 V than on the way down from +60 V to −60 V. Thus,
the current apparently decays with time at these low tem-
peratures; data points are taken every 10 s, giving a time
scale to the hysteresis. For the I-V curves in the main part of
Fig. 2 the data shown are for the voltage sweep from 0 V to
+60 V and the sweep from 0 V to −60 V in order to display
the current before it decays.

Figure 3 shows the dark current as a function of Vg, with
Vds= +60 V. Consistent with the data in Fig. 2, the current is
largest at negative Vg and suppressed at positive Vg. The
current is roughly linear with Vg when it is varied from 0 V
to −40 V, but is smaller in magnitude on the way back from
−40 V to 0 V.

Figure 4 shows the I-V curves for the dark current before
�top panels� and after �lower panels� chemical treatment with
butylamine at 295 K �Fig. 4�a�� and at 87 K �Fig. 4�b��. In
all four plots of Fig. 4 Vds is swept from 0 V to +100 V
�open squares�, +100 V to −100 V �open circles�, and finally
from −100 V back to 0 V �open triangles�. Note the different
scales in the two panels of Fig. 4�a�: The dark current at
295 K is approximately three orders of magnitude higher
after treatment with butylamine. By contrast, at 87 K �Fig.
4�b��, the dark current decreases rather than increases with
butylamine treatment. Whereas the current is hysteretic and
measurable only for positive Vg at 87 K, it shows little hys-
teresis and is nearly symmetric withVds at 295 K.

Differential conductance measurements at room tempera-
ture as a function of gate voltage are displayed in Fig. 5 for
a sample treated with butylamine. To measure the differential
conductance we apply a small ac voltage of 2Vrms at 13 Hz in
series with a dc voltage of �Vds � =110 V across the electrodes
�the electrodes are spaced by 2 �m for the data in Fig. 5�.
The gate voltage is stepped in increments of 5 V. To mini-
mize the hysteresis, we apply Vg for 5 s and return Vg to 0
for 5 s for each data point. This effectively is a measurement
of how the slope of the I-Vds curve at �Vds � =110 V varies
with gate voltage. For both positive and negative Vds the
differential conductance increases with increasing negative
Vg and decreases with positive Vg.

The temperature, T, dependence of the dark current at
Vds=−90, −80, −70, −60, −50, and −40 V for a butylamine

treated sample is plotted in Fig. 6. The dark current is linear
with inverse temperature when plotted on a semilogarithmic
graph, indicating Arrhenius behavior. Solid lines are fits to
the Arrhenius equation at each voltage. The current noise of
our electrometer is �0.01 pA, indicating that except at the
most negative voltages, there is no evidence for anything
other than a simply activated current. From the fits the acti-
vation energy at each voltage is determined, and the activa-
tion energy is plotted versus electric field in the inset of Fig.
6 and fit to a straight line. The y intercept of the line gives
the zero-field activation energy for the dark current and is
found to be 0.38±0.02 eV. From the slope of the line the
distance traveled during the rate-limiting step in the activated
process can be calculated

�E = el� , �1�

where �E is the activation energy, e is the charge of the
electron, l is distance, and � is electric field. From the fit of
the inset of Fig. 6 we find l=2.2±0.2 nm. We note that be-
fore butylamine treatment, the conductance is too small to
measure the T dependence.

Figure 7 demonstrates that both the room temperature
dark current, I, and the low temperature photocurrent, �I,
depend only on electric field, and not independently on the

FIG. 3. Dark current, I, at 87 K as a function of applied gate
voltage with Vds= +60 V. Vg is swept from 0 V to +40 V �open
squares�, from +40 V to −40 V �filled circles�, and finally from
−40 V to 0 V �open triangles�. The solid lines are guides to the eye.

FIG. 4. Dark current, I, before �top panels� and after �bottom
panels� treatment with butylamine at �a� 295 K and �b� 87 K with
Vg=0. Vds is swept from 0 V to +100 V �open squares�, from
+100 V to −100 V �open circles�, and finally from −100 V to 0 V
�open triangles�. Solid lines serve as guides to the eye. Note that the
current at 295 K increases by almost 1000 times after treatment.
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separation of the electrodes. We define �I as the difference
between the dark and photocurrents, since the dark current is
in general 2–3 orders of magnitude less than the photocur-
rent, �I and the absolute photocurrent are essentially identi-
cal. The current is measured across electrodes with gaps of
1 �m and 2 �m and is found to be the same magnitude for a
given field. The sample used for Fig. 7 was deposited onto
gold electrodes patterned on a quartz substrate and has no
back gate. This was done in order to minimize field drop to
the gate and better observe the field scaling effect.

The photocurrent, �I vs Vds at 87 K and 295 K are given
in Fig. 8 for both untreated �a� and butylamine-treated �b�

films. The axis for the photocurrent at each temperature is
scaled to show that the shape of the two I-V curves is the
same. The intensity of the excitation light is 30 mW/cm2.
The insets are included to emphasize how the magnitude of
the photocurrent varies with T. The magnitude of the photo-
current increases with treatment at both temperatures. How-
ever, as seen in the insets, the temperature dependence after
treatment is opposite to that before treatment; the magnitude
of the photocurrent before treatment increases as T de-
creases, whereas after treatment it decreases with T. For all

FIG. 5. �a� Differential conductance, dI /dV, as a function of Vg

with �a� Vds= +110 V and �b� Vds=−110 V. Vg is applied for 5 s
followed by a recovery period of 5 s at each value of Vg. Vg is
varied from 0 V to +20 V, from +20 V to −20 V, and finally from
−20 V to 0 V. Vac is 2 Vrms at a frequency of 13 Hz. In �a� and �b�
the open circles are the first Vg cycle and the closed circles are the
second cycle.

FIG. 6. Temperature dependence of the dark current, I, �buty-
lamine treated� at various values of Vds with Vg=0. The solid lines
are Arrhenius fits to the data at each voltage. The inset is a plot of
the activation energy, �E, as a function of field, �=Vds/L, where L
is the electrode separation. The solid line in the inset is linear fit to
the activation energy versus field data.

FIG. 7. �a� Dark current, I, at 295 K �b� and photocurrent, �I, at
87 K and Vg=0 measured on a 1 �m gap �open squares� and on a
2 �m gap �closed circles� and plotted versus electric field, �
=Vds/L, where L is the gap between the electrodes.
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data in Fig. 8 Vds is swept from 0 V to +100 V. Though not
shown, �I in all plots is symmetric in Vds and displays little
hysteresis.

Figure 9 shows the dependence of �I on photoexcitation
intensity. Vds= +100 V is applied to the sample while the
photoexcitation intensity is stepped. Measurements are per-
formed on the CdTe NC film after butylamine treatment at
87 K �closed circles� and room temperature �open circles�.
The photoexcitation intensity dependence of the current is
closer to linear at 87 K than at room temperature.

Figure 10 shows the decay of �I after the excitation light
is turned off at room temperature and 87 K. Vds is held at
−90 V and the photoexcitation intensity of the light is
30 mW/cm2. The photocurrent decay is faster at room tem-
perature than at 87 K.

The results presented in Figs. 2–10 depict trends which
have been observed on all CdTe NC film samples measured
to date. The magnitude of the current varies slightly from
sample to sample due to differences in sample thickness but
the I vs Vds curves all display the same response to tempera-
ture, butylamine treatment, photoexcitation, and gate volt-
age. Three batches of CdTe NC’s were synthesized and 2–3

FIG. 8. �a� Photocurrent, �I, at 87 K �filled circles and left axis�
and at 295 K �open squares and right axis� before treatment with
butylamine �Vg=0�. Each axis is scaled to illustrate the similar
shape of the �I-V curves at the two temperatures. The inset in �a� is
the data plotted with a shared y axis to illustrate the difference in
the magnitude of the current at the two temperatures. �b� Photocur-
rent at 87 K �filled circles and left axis� and at 295 K �open squares
and right axis� after treatment with butylamine �Vg=0�. The inset in
�b� is the data plotted with a shared y axis. Solid lines are guides to
the eye. The photoexcitation intensity is 30 mW/cm2.

FIG. 9. The photoexcitation intensity dependence of �I. Data at
87 K and 295 K are represented by filled circles and open circles,
respectively. The solid line is a fit to the 87 K data, and the dotted
line is a fit to the 295 K data, as discussed in the text. The sample
has been treated with butylamine; Vds= +100 V and Vg=0.

FIG. 10. The photocurrent, �I, decay at 295 K and 87 K for a
sample treated with butylamine. Vds=−90 V, Vg=0, and the excita-
tion intensity is 30 mW/cm2 before the photoexcitation is removed.
The curve furthest to the right is the photocurrent decay at 87 K
while the curve to the left is the photocurrent decay at 295 K. The
decay at 87 K is fit with a model for bimolecular recombination
�dotted line� and a model for a combination of bimolecular and
monomolecular recombination �solid line� as described in the text.
The decay at 295 K is, for the most part, faster than the resolution
of the current amplifier used for the measurement.
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samples prepared from each batch. Eight samples were mea-
sured in total. On each sample 3 separate 1 or 2 �m gaps
were tested. In this paper, Figs. 2 and 3 �which demonstrate
the gate dependence of the CdTe NC film� are from the same
sample. Figs. 4 and 8–10 show the behavior of the dark and
photocurrent after chemical treatment and are from the same
sample. Figs. 5–7 were measured at a later time and each
show data taken from separate samples.

IV. DISCUSSION

Previous studies of charge transport in close-packed CdSe
NC films, performed on inverted FET structures, found that
current resulting from the injection of electrons was on the
order of picoamps at Vds�100 V and decayed with time
after application of the voltage. The number of electrons in-
jected was affected by the gate but this current also decayed
over time.21,28 Even after treatment with basic molecules,
which were shown to decrease the inderdot spacing, no
steady-state dark current was observed in the CdSe NC
films.22 In the present work we find that at low temperature
CdTe NC films, like CdSe NC films, display transient dark
current on the order of picoamps. However, unlike CdSe NC
films the room temperature dark current in CdTe NC films is
steady state.

Charge transport in close-packed NC films is expected to
be limited by tunneling between dots and to therefore have a
strong dependence on the interdot spacing.18,19,22 Treatment
with butylamine has been shown to enhance photoconductiv-
ity in CdSe NC films by decreasing interparticle spacing
from �1.1 nm before treatment to �0.2 nm after
treatment.22 Similarly, we find that treatment with buty-
lamine increases the room temperature dark conductance in
CdTe NC films by more than three orders of magnitude �Fig.
4�. The dark current after treatment with butylamine treat-
ment is large enough for us to measure the differential con-
ductance as a function of gate voltage. Figure 5 shows that
the differential conductance at both positive and negative Vds
increases with increasing negative Vg and decreases with
positive Vg. That we see no increase in differential conduc-
tance even at quite large positive Vg suggests that the elec-
trons’ contribution to the current is small. This indicates that
holes are the majority carriers.

The low temperature dark current is also most likely car-
ried by holes. Dark current is only present at positive drain
bias and increases with the application of a negative gate bias
�Figs. 2 and 3�, consistent with hole conduction in a FET.
The observed hysteresis could be a result of charge build up
at the injecting contact28 or of the opening and closing of
conducting channels between the electrodes.29

The temperature dependence of the dark current, after
treatment with butylamine, suggests that the hole density is
thermally activated �Fig. 6�. The zero-field activation energy
�from the inset of Fig. 6� is 0.38±0.02 eV. This is smaller
than half of the estimated band edge energy of 1.8 eV needed
to create an electron-hole pair thermally. We infer that the
current is limited by the release of holes from traps. The
room temperature dark current I-V curve is nearly symmetric
and displays little hysteresis at room temperature �Fig. 4�a��.

Since we have demonstrated that holes are the dominant car-
rier, we ascribe the symmetric Vds dependence to the field
dependence of the mobility of the holes, as well as that of
their activation energy, as discussed in detail after we discuss
the photoconductance.

As reported previously by Jarosz et al.,22 the photocurrent
in CdSe NC films after chemical treatment displays satura-
tion with applied field when every photogenerated carrier
reaches an electrode before recombining. The photoconduc-
tive gain is found to be equal to unity for this system, and
this indicates that the gold electrodes form blocking contact
with the CdSe NC film. The current for these films is found
to saturate at lower applied voltages at 87 K than at room
temperature because the exciton lives longer at lower T and
the probability of ionization at a given field is therefore
larger. This higher ionization probability also explains why
the photocurrent in CdSe NC films is larger at low T than
high T.

Before treatment with butylamine, the photocurrent in
CdTe NC films �Fig. 8�a�� increases with decreasing T, as
well. However, after treatment the photocurrent at 295 K is
higher than the photocurrent at 87 K �Fig. 8�b��. Further-
more, saturation is not observed at either temperature. At the
fields used it is unlikely that the current is limited by field
ionization of the exciton. In addition, the magnitude of the
current is higher than expected for a photoconductive gain of
unity. We infer that the photocurrent in CdTe NC films is a
secondary photocurrent rather than a primary photocurrent as
observed in CdSe NC films.

Secondary photocurrents occur when the contacts can in-
ject electrons, holes, or both.23 The dark current in CdTe NC
films is carried by holes, as discussed above, and these holes
must be replenished from the gold electrodes to maintain a
steady-state current. Assuming that both carriers are mobile
but that only the hole is replenished at the electrodes, the
gain does not saturate at unity. Holes contribute to the cur-
rent until the electron reaches the electrode or recombines
with a hole. The lifetime of the hole is thus equal to the
lifetime of the electron. At high fields the electron reaches
the electrode and the lifetimes of both the electron and the
hole equal the transit time of the electron,

�p = �n = Tn =
L2

�nV
, �2�

where �p is the hole lifetime, �n is the electron lifetime, Tn is
the transit time of the electrons, L is the width of the gap, �n
is the electron mobility, and V is the applied voltage. The
photoconductive gain, G, becomes a function of the mobility
of the two carriers.23

G �
�p

�n
. �3�

Therefore the gain is expected to be greater than unity if the
mobility of the hole is greater than that of the electron.

Given the excitation intensity, sample area, optical ab-
sorption of the film, exciton separation efficiency �assumed
to be 1� and a gain of unity, we estimate the maximum pri-
mary photocurrent expected in the CdTe NC film to be ap-
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proximately 40 nA. The current at 100 V and room tempera-
ture is 440 nA, resulting in a photoconductive gain of about
10. Were the electron more mobile than the hole, as it is in
bulk CdTe,30 the gain would be less than unity. Thus the hole
has a higher mobility than the electron in the CdTe NC film
and holes effectively cycle through the circuit for a time
equal to the recombination time. The concept of a hole is
particular to a semiconductor and they do not actually travel
in the external measurement circuit. However, the motion of
holes in the film of CdTe NCs influences the flow of elec-
trons in the external circuit. A hole leaving the NC film cor-
responds to an electron entering the film and vice versa. At
100 V, 10 holes enter and exit the film before recombining
with the photogenerated electron and thus travel an effective
distance of �10−3 cm. The recombination lifetime is faster
than the resolution of our current amplifier at room tempera-
ture, giving an upper bound on the lifetime of 10 �s. From
this information, we find a lower limit on the hole mobility
of �10−4 cm2/V s at 100 V.

The photoexcitation intensity dependence of the photocur-
rent �Fig. 9�, fit using the procedure outlined by Jarosz et al.,
provides information about the recombination
mechanism.20,23 Photogenerated holes, of density n, can ei-
ther recombine with the equal density of photogenerated
electrons or with the pre-existing trapped electrons, of den-
sity Nt,

F = �Nt + n�nb , �4�

where F is the carrier photogeneration rate, proportional to
photoexcitation intensity, and b is the bimolecular recombi-
nation coefficient. In CdSe NC films it has been suggested
that holes are trapped in surface states such as unpassivated
selenium and electrons �the counter charge� are deeply
trapped on SeO2.20 By analogy we speculate that CdTe NC
films most likely contain holes trapped in unpassivated Te
sites and trapped electrons in TeO2. If Nt is much larger than
n the current, proportional to the hole concentration, is linear
in photoexcitation intensity, while if n is larger than Nt the
current is proportional to the square root of the photoexcita-
tion intensity. Fitting Eq. �4� to the data at low temperature in
Fig. 9 we find n

Nt
=1.34, indicating that holes recombine with

both free and trapped electrons, approximately equally. At
295 K the fit is poor because n

Nt
is so large. When the data is

instead fit to a power law, as designated bythe dotted line in
Fig. 9, the exponent is 0.5, as expected for bimolecular re-
combination.

When recombination involves both photogenerated and
trapped carriers, the current decay from steady state, after
light excitation is removed, is predicted to follow

n

no
=

exp�− Ntbt�

1 +
nob

Ntb
�1 − exp�− Ntbt��

, �5�

where no is initial carrier density, and t is the time after
removal of photoexcitation.23 We fit the low temperature data
in Fig. 10 with Eq. �5�, as well as the bimolecular form,
obtained by taking the limit of Ntb→0. Equation �5� is a
better fit, confirming that recombination of holes with

trapped electrons is significant at low temperatures. From the
fit �= �Ntb�−1=340 �s and �nob�−1=55 �s. Most of the room
temperature photocurrent decay is faster than the 10 �s rise-
time of the current amplifier. Though the decay could not be
fit with the bimolecular form of Eq. �5�, an increase in the
decay rate supports the concept that trapping plays a smaller
role as the temperature increases.

The transient dark current in films of annealed CdSe has a
voltage dependence at fixed time that is well described by
the following phenomenological expression21

�I �
Vds

Ro
exp� �Vds�

Vo
	 . �6�

Here Ro is a characteristic resistance and Vo is a characteris-
tic voltage. We fit �Fig. 11� the photocurrent data to Eq. �6�
and find good agreement with Vo=29 V for both 87 K and
295 K. This corresponds to an energy difference from one
NC to its neighbor of �175 meV �determined by dividing Vo
by the number of NCs which fit across 1 �m�, similar to the
value found in annealed CdSe NC films.21 Ro at 87 K is
1.2�1011 � and Ro at 295 K is 7.2�109 �.The temperature
dependence of Ro is consistent with the increased importance
of monomolecular recombination at low T. The observation
that this simple phenomenological model describes the volt-
age dependence of the photocurrent so well, with the same
value of Vo at low and high T is very important. As discussed
above, the fields are high enough that all excitons are ion-
ized. Therefore, the voltage dependence of Eq. �6� comes
from that of the mobility, and the field dependence of the
mobility of the holes is well described by

� � exp� ���
�o
	 , �7�

where �0 is a characteristic electric field. However, as in the
case of CdSe NC films, the field scale �0 is too small to be
explained by a simple tunneling model.21

FIG. 11. A semilogarithmic plot of the photocurrent, �I versus
Vds with Vg=0 at 295 K �open circles� and 87 K �closed circles�.
The solid lines are fits to Eq. �6�. The data are scaled in the inset to
show that the field dependence is independent of temperature.
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This inspires us to describe the steady-state dark current
in the same way: As discussed above, the holes are thermally
released from traps with an activation energy that decreases
linearly with voltage �see Fig. 6�. Assuming that the holes,
once released from traps have the field-dependent mobility
described by Eq. �7� we predict that the dark current will be

I =
Vds

Ro
exp�Vds

Vo
+

aVds − �E0

kT
	 , �8�

where �E0 is the zero-field activation energy, k is Boltz-
mann’s constant, and a= l /L �see Eq �1��. In Fig. 12 we use
this form to fit the I-Vds curves at each temperature. We set
Vo=29 eV from the photocurrent data and then fit the data at
150 K and 280 K to Eq. �8� by adjusting Ro and �E0,

until both data sets are fit by varying only the temperature.
For the best fit Ro=5�106 �, a=1.5�10−3, and
�E0=0.34±0.02 eV. �E0 is close to the value
0.38±0.02 eVvalue determined from the inset of Fig. 5. Ro,
a, �E0, and Vo are all held constant in the fits at 240, 200,
and 170 K. The agreement of this phenomenological expres-
sion with the data is remarkable.

V. CONCLUSIONS

Our studies of the transport properties of CdTe NC films
in FET structures lead to the following conclusions which
are generally true for CdTe NC films contacting gold elec-
trodes:

�1� The current is carried by holes, both in the dark
and under photoexcitation.

�2� The secondary photocurrent measured in the CdTe
NC films, made possible by the nonblocking gold electrodes,
gives a gain greater than unity, showing that holes have a
higher mobility than electrons.

�3� The voltage dependence of the photocurrent is
temperature independent and leads to a simple phenomeno-
logical description of the voltage dependence of the hole
mobility.

�4� The dark current is thermally activated with an en-
ergy that decreases linearly with voltage. The voltage depen-
dence of the mobility, extracted from the photocurrent, is the
same as that of the dark current.
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