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Electronic transport in films of colloidal CdSe nanocrystals
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We present results for electronic transport measurements on large three-dimensional arrays of CdSe nanoc-
rystals. In response to a step in the applied voltage, we observe a power-law decay of the current over five
orders of magnitude in time. Furthermore, we observe no steady-state dark current for fields up to 106 V/cm
and times as long as 23104 s. Although the power-law form of the decay is quite general, there are quanti-
tative variations with temperature, applied field, sample history, and the material parameters of the array.
Despite evidence that the charge injected into the film during the measurement causes the decay of current, we
find field scaling of the current at all times. The observation of extremely long-lived current transients suggests
the importance of long-range Coulomb interactions between charges on different nanocrystals.
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INTRODUCTION

The techniques of colloidal chemistry make it possible
create vast numbers of nearly identical semiconduc
nanocrystals.1,2 Measurements of the tunneling of electro
onto individual nanocrystals have demonstrated that the
ter behave qualitatively as lithographically defined quant
dots;3 such structures are best described as artificial at
because their energy and charge are quantized.4,5 Although it
is difficult to construct large arrays of lithographically pa
terned artificial atoms, colloidal nanocrystals assemble th
selves into such arrays quite naturally, creating an enti
new class of solids composed of artificial atoms. Furth
more, by adjusting the chemical process, it is possible to t
physically relevant parameters, such as site energies
nearest-neighbor coupling. We report here studies of elec
transport in such a colloidal artificial solid~CAS!.

Our CAS is composed of CdSe nanocrystals;5 nm in
diameter, each capped with organic molecules;1-nm long.
Because of the small size of the nanocrystals the Coulo
interaction between two electrons on the same nanocryst
adjacent nanocrystals is;0.1 eV,6 larger thankBT at room
temperature. It is likely, therefore, that the Coulomb ene
is larger than the other important energies in the problem
particular the bandwidth resulting from either internanocr
tal tunneling or disorder. Thus, these CASs provide an in
esting new system in which the motion of electrons is
pected to be highly correlated.7

Although the optical properties of these nanocrystal s
tems have been studied extensively, as yet there has
little work on electronic transport in these arrays. In th
work, we present measurements made on a lateral, gate
vice, shown in Fig. 1; this geometry has two primary adva
tages over the simpler sandwich structure used by Gin
and Greenham.8 First, because the nanocrystal films are d
posited last, there is no possibility of damaging the film
during device fabrication. Second, the gate electrode p
vides the possibility of controlling the charge density in t
CAS.

We find that films of CdSe CASs are extraordinarily r
sistive, with resistivity greater than;1014 Ohm cm at tem-
0163-1829/2002/66~7!/075339~9!/$20.00 66 0753
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peratures below 200 K. Although there is no detecta
steady-state current, we observe current transients afte
application of a voltage step; the current decays as a po
law in time out to at least 104 s. When the film is located
near a metal gate, we can directly observe the buildup
charge in the sample, which, at low temperatures, then
mains in the CAS even after the voltage is removed.
though this suggests that the decay of the current is ass
ated with the charging, the integral of the current transien
orders of magnitude larger than the charge stored. Thus
conclude that the current arises from charge which mo
completely through the film, but that the sample becom
more resistive with time as more charge is injected. We s
gest that these effects are related to the strong Coulomb
relations between electron occupancy of the nanocrystals
this paper, we present transport measurements on this sy
as a function of device geometry, applied field, sam
length, and temperature, as well as some preliminary dat
variations of the transients with the parameters of the che
cal synthesis.

FIG. 1. A schematic of the most commonly used substrate
electrode structures. The base material is a standard comme
~100! silicon wafer, degenerately doped with arsenic. The 350-n
thick oxide is thermally grown, and the electrodes~20 nm Ti, 200
nm Au! are patterned with a single optical lithography step. Wh
the nanocrystal film is deposited, it covers the entire surface, inc
ing the electrodes. The associated measurement circuit is desc
in the text.
©2002 The American Physical Society39-1
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EXPERIMENTAL DETAILS

The synthesis of the CdSe nanocrystals and the depos
of the close-packed films has been described in de
previously.9,10 By using the organometallic synthesis of Mu
ray et al. followed by three steps of size-selective precipi
tion, a size distribution with variances5528 % is typically
obtained. For most of the measurements in this paper,
nanocrystals are covered with a monolayer of trioctylph
phine oxide~TOPO! as a by-product of the synthesis. The
molecules serve to passivate the surface states of the na
rystals, and also act as nearest-neighbor spacers whe
nanocrystal films are formed. For some samples, after
synthesis the capping molecules have been exchanged
TOPO to tributylphosphine oxide~TBPO!, which gives a
smaller nearest-neighbor separation; the procedure for
exchange has been described elsewhere.11 For the work dis-
cussed here, the nanocrystals typically have a core diam
of approximately 4.5 nm; those capped with TOPO hav
1.1-nm nearest-neighbor separation, and those with TB
have a 0.7-nm nearest-neighbor separation.10 The films are
formed by drop casting a solution of nanocrystals in 9
hexane/octane, followed by drying for a minimum of 2 h in
an inert atmosphere before exposure to vacuum. To a
approximation, the thickness of the films is controlled by t
concentration of the solution; for the work reported here,
thickness of the films ranges between 20 and 180 lay
(1002900 nm), as measured with a profilometer near
measurement electrodes. Direct imaging of the nanocry
packing on the measurement substrates has proven diffi
but transmission electron microscope images of simila
prepared films suggest that the ordering within the CAS
polycrystalline, with the typical grain size approximately 1
nanocrystals across.12

The primary type of device structure used for this work
shown in Fig. 1. These structures have been produce
large quantities so that many films, some with different c
sizes and different capping molecules, can be deposited
identical devices. The starting material is a~100! silicon wa-
fer degenerately doped with arsenic~room temperature shee
resistance 1 –5 mV), which is used as the back gate for th
device. High-quality thermal oxides of 350–500 nm a
grown on top of these substrates, and then 220 nm Ti
electrodes are patterned and deposited using optical litho
phy and a lift-off procedure. We have also made measu
ments on films deposited on 0.5 mm quartz wafers, for wh
the gold electrode pattern is identical, but for which the el
trodes are only 110 nm thick. In both cases, although o
one set of electrodes is depicted in Fig. 1, there are m
more electrodes, some with different gap sizes, on each
fer. The full size of the substrate is typically 636 mm, and
the size affects the spreading of the nanocrystal solution
ing film deposition. In addition, we have used ring-shap
electrodes~not shown! with a similar gap size for a few
experiments, for which the results are consistent.

After the fabrication is complete, the nanocrystals are
posited on the substrate and then dried overnight in an i
atmosphere; in the finished devices, the nanocrystal film c
ers the entire substrate, including the electrodes. Depos
07533
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the nanocrystals as the final step in sample preparatio
important. These films are not sufficiently robust to perm
the use of standard wafer processing techniques after d
sition. In particular, subsequent measurements have sh
that even moderate heating, to 100 °C in vacuum, can
nificantly affect the transport and optical properties of t
films.12 The electrode geometry and the measurements
chosen to give a well-defined active area for the device
will be discussed below. For the most common samp
4.5-nm core-diameter TOPO-capped nanocrystals with
electrode configuration of Fig. 1, there are approximat
200 dots in series and about 160 000 dots in parallel for
layer of dots. Room-temperature optical measurements
nanocrystal films codeposited on glass slides are used to
sure sample quality.

The electrical measurements are made in an Oxf
Variox cryostat, with the sample in vacuum, typically at li
uid nitrogen temperature. The current is measured wit
Keithley 427 current amplifier; depending on the voltage a
time ranges of interest, one of several voltage sources,
cluding a Yokogawa 7611, a HP 3245, and a Kepco BO
500V, is used. In a typical measurement, a voltage ste
applied at one of the electrodes, and the current is meas
at the other electrode as a function of time, with the ba
gate grounded. Throughout this paper we will refer to t
electrode at which the voltage step is applied as the sou
and to the current measurement electrode as the drain
indicated in Fig. 1. For the gated silicon substrates, this m
surement is asymmetric in voltage when the gate
grounded; because the drain electrode is connected to
input of the current amplifier, which is a virtual ground, th
field at the source is much larger than that at the drain. A
result, charge is injected into the film only from the sour
electrode for the gated substrates. Furthermore, altho
charge spreads into the film in all directions from the sour
the measurement at the drain electrode is sensitive onl
charge moving between the electrodes, as more dis
charge will be screened by the gate.13 Finally, this measure-
ment is not directly sensitive to leakage currents between
source and the gate, because there is no field to gene
leakage current between the drain electrode and the gat

RESULTS

As mentioned above, the CAS films are highly resistiv
For a film of 4.5-nm diameter CdSe nanocrystals we meas
no steady-state current for applied fields of up to 106 V/cm,
which corresponds to an average nearest-neighbor pote
difference of 500 mV. With a current detection limit of 5 fA
and the device geometry used here, this gives a lower bo
for the resistivity of of;1014 V cm; no steady state curren
has been observed in any of the dozens of samples we
studied. However, the time dependence of the current in
sponse to an applied source-voltage step is unusual. Figu
shows a plot of the typical current measured at the dr
electrode as a function of time; unless otherwise noted,
gate is grounded in all of the transient measurements. At
50, the voltage at the source electrode has been step
from zero to2100 V, after which the resulting current de
9-2
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ELECTRONIC TRANSPORT IN FILMS OF COLLOIDAL . . . PHYSICAL REVIEW B 66, 075339 ~2002!
cays with a power-law form. In other measurements,
power-law decay of the current has been observed to pe
to approximately 23104 s. Together with the data are plo
ted two fits, displaced vertically for clarity. Above the data
a power lawI 5I 1t2a, with a520.63, and below the data i
a stretched exponentialI 5I 0exp2(t/t)b, with the character-
istic time t set at 1 ms, andb50.26 found from a least-
squares fit to the data. Clearly, the data are better descr
by a power law form.14

For the various nanocrystal samples measured, the d
exponenta ranges from20.1 to 21; the parameters upo
which a depends are discussed below. Thus, the charge
tained from integrating the transient current diverges in tim
By itself, this divergence suggests that the current is not
the displacement current that arises from either the polar
tion or the buildup of charge in the CAS. In fact, the value
the integrated current over a typical measurement time
103 seconds is several orders of magnitude greater than
estimate for charge stored in the film. To illustrate this, in
lower left of Fig. 2, we have drawn a dotted rectangle, wh
represents the amount of charge that would reside in the fi
if the entire active area between source and drain w
charged to the full potential of the applied voltage stepVsd
with respect to the gate electrode.15 Here, this estimated
charge is approximately 8 pC, whereas for the trans
shown in Fig. 2, the integrated current exceeds this value
more than two orders of magnitude. Were this measurem
not truncated the disparity would be greater still. We co

FIG. 2. A typical current transient, measured for a CAS w
4.5-nm core diameter, TOPO-capped nanocrystals on a subs
with a 350-nm gate oxide, at 78 K. With the gate grounded,
source voltage is stepped to2100 V, and the current at the drai
electrode is measured as a function of time. Two measurem
with different circuit response times, are shown; the difference
amplitude reflects sample history effects. The dashed line repre
a power-law decay of the current, with an exponent of20.63; the
gray line below the data is a stretched exponentialI 5I 0exp
2(t/t)b, described in the text. The rectangle outlined by a dot
line in the lower left corner represents an upper bound for
amount of charge expected from capacitive charging of the quan
dot film in the gap between the measurement electrodes. The d
tion from power-law behavior at short times varies with the ser
resistance and is therefore ascribed to the charging of geome
capacitances.
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clude that the current arises from charge which trav
through the sample, and that the current decays becaus
film grows more resistive with time.

Nonetheless, we believe that the increase of the resista
over time is related to the buildup of charge in the CAS. T
injection of charge into the film can be directly measured
applying voltage to the gate electrode while measuring
current at one of the top electrodes; for this type of measu
ment the source and drain are both held at ground pote
and are therefore equivalent. As noted above, there are m
other electrodes on the top of the oxide in contact with
CAS film, and these are all at the same potential as
source and drain. Although charge spreads into the film fr
all of these electrodes, typically the current is measured o
at one of them; furthermore, this current arises only from
charging of the nanocrystal film.

The response of the sample to the gate voltage is show
Fig. 3, for three consecutive ten minute steps. In the fi
step, the gate voltage is stepped to1100 V, and negative
charge flows slowly into the film from the top electrode
after ten minutes the current is still nonzero. In addition
this slow charging, at short times there is also a contribut
from the displacement current, which corresponds to
charging of the capacitance between the measuring elect
and the gate. In the second step, when the gate voltag
stepped back to zero, only this displacement current, toge
with the low-level polarization current, is observed. Any cu
rent that might indicate a discharge of the nanocrystal film
below the noise floor, which is approximately 0.01 pA f
this measurement. After being held withVg50 V for ten
minutes, in the third step the sample is illuminated with
light-emitting diode ~LED!, the wavelength of which has
been chosen to match the absorption peak of the CAS. T
illumination causes the charge to be released from the fi
as indicated by the integral of the current for each time
riod: 8563 pC for the initial charging;23463 pC in the
second step, corresponding to the discharge of the elect
capacitance only; and24663 pC for the light-induced dis-
charge of the film in the final step. The total charge in
grated over the entire process is very small, which indica
that most of the charge which was injected in the1100 V
step is removed by exposure to the LED.16

Figure 3~b! shows the same data for the charging a
discharging of the CAS on a logarithmic scale. The tim
decay of the discharge under illumination is very similar
that of the charging; in both, the current has an approxim
power law form, although the decay here is steeper than
the source-drain measurements. Since the decay of the
rent follows approximatelyt21, the charge spreads onl
logarithmically in time. From the perimeter of the H-shap
electrodes, approximately 4.4 mm, and the 350-nm thickn
of the gate oxide, we calculate the surface charge densit
which the nanocrystal film is charged to 100 V. Using th
calculated density and the value of the stored charge 46
measured from the light-induced discharge, we estimate
the injected charge has spread out roughly 1.1mm from the
electrode during the ten-minute charging step.

There is also a clear difference between the current du
the first step, withVg51100 V, and that in the second ste
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NICOLE Y. MORGAN et al. PHYSICAL REVIEW B 66, 075339 ~2002!
for which the voltage is stepped back to zero. In the la
transient, the expected capacitive transient is seen at s
times (<3 s). At longer times there is a low-level curre
which decays relatively rapidly. This background transie
unlike the charging of the film, is linear in voltage; we b
lieve that it results from polarization of the oxide. As wi
the measurements of Fig. 2, these gate charging mea

FIG. 3. ~a! Current transients measured at one of the top e
trodes for a series of ten-minute gate voltage steps at 78 K.
measurement electrode is grounded through the current ampl
all other top electrodes are directly grounded throughout. Integ
ing the current, including the fast capacitive component, gives
63 pC for the first step, in whichVg is stepped to1100 V;
23463 pC for the second step, in whichVg is stepped back to 0 V
and24663 pC for the third step, in whichVg is held at zero and
the sample exposed to band-gap light. The 34 pC in the second
is consistent with estimates of the charge on the geometrical ca
tance.~b! The absolute value of the same three current transie
plotted on a logarithmic scale. The first transient (Vg→100 V) is
shown in black, and clearly shows a fast capacitive componen
short times and an approximate power-law decay at long times.
second transient (Vg→0 V) is shown as a dashed line, and sho
only the fast capacitive component, followed by a low-level curr
attributed to polarization of the substrate. Transients measured
Vg→2100 V are identical to this second transient, i.e., they sh
no evidence of charge injection. The third transient~LED on! is
shown in gray, and decays as a power law with an exponent
21.2. Note the absence of the capacitive component, as well a
similarity between the time dependence of the discharging and
of the charging in the first transient.
07533
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ments exhibit a strong asymmetry with the sign of the a
plied voltage. When the gate voltage is stepped
2100 V rather than to1100 V, only the polarization cur-
rent is observed; there is no evidence for the injection
positive charge into the CAS. In addition, if negative char
has previously been injected by applying a positive gate v
age, application of a negative gate voltage removes little
this charge. AtT578 K, the stored charge can only be r
moved from the system on time scales on the order of m
utes by illumination with band-gap light. Warming th
sample to room temperature also releases the stored ch
and returns the CAS to its initial state, although the proc
is considerably more time consuming.

The release of the stored charge when the sample is
minated with band-gap light suggests that the injected cha
resides predominantly on the nanocrystals, rather than wi
the organic capping molecules or at defects on the~substrate!
oxide surface. This is more strongly supported by measu
ments of changes in the absorption spectra with applied v
age in sandwich structures by Wooet al.17 For the same elec
trode material and applied fields similar to those used in
work, Wooet al.also observe a quenching of the nanocrys
photoluminescence consistent with charging of the nanoc
tals.

From the above data we can already eliminate two ob
ous artifacts. First, we are measuring properties of the C
rather than leakage through the substrate or conduc
through the organic which fills the interstices of the nan
crystal film. Similar measurements on a bare substrate s
no charge injection or power-law current transients. Also,
several instances we have made electrical measuremen
films for which optical spectra, taken later, showed t
nanocrystals to be somewhat oxidized; these oxidi
samples, while exhibiting very weak photocurrent, show
no measurable current injection in the dark, although
organic molecules were the same as in the other samp
Finally, as discussed towards the end of this section, we
variations in the current transients with changes in the
rameters of the CAS; in future work we hope to look at the
variations in more detail. However, we note that although
injected charge appears to reside on the nanocrystals, a
time we are unable to distinguish between charge which
sides in the nanocrystal core and charge which resides
surface state of the nanocrystal.

Second, the samples appear to be chemically stable u
these measurement conditions; several samples have
measured for over three weeks, with no evidence for deg
dation. Although there are long-lived history effects asso
ated with the charging of the samples, it is possible, either
briefly warming to room temperature or illuminating wit
band gap light, to remove the stored charge. As long as
sample is kept in vacuum and cold, the measurements f
particular sample are reproducible. For the remainder of
results section we therefore examine the details of the t
sient behavior as a function of sample length, gate ox
thickness, temperature, and array parameters.

Just as the film accumulates charge when voltage is
plied to the gate, the film must accumulate charge at
oxide interface, possibly across the length of the sam
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ELECTRONIC TRANSPORT IN FILMS OF COLLOIDAL . . . PHYSICAL REVIEW B 66, 075339 ~2002!
when voltage is applied to the source with the gate ground
Immediately after the application of a voltage step at
source, before any charge is injected into the film, the fiel
not uniform across a gated sample. Rather, for a partic
applied voltage, the thinner the gate oxide, the stronger
field is near the source contact. To determine the effect of
gate we have made measurements on gated samples
several oxide thicknesses, as well as on quartz substrate
which the gate is 0.5 mm distant and therefore does
affect the fields across the 1 and 2mm gaps. However, we
note that even for the silicon substrates with a 350-nm g
oxide, the distance to the gate is a substantial fraction of
electrode separation; relatively thick gate oxides were ne
sary to permit the application of the large fields necessar
pass charge through the samples.

Because there is no gate to influence the field across
electrode spacing for the quartz substrates, it is straigh
ward to study the dependence of the power-law transient
sample length. Two pairs of transients are plotted in Fig
for a CAS on quartz; transients measured on a sample 2mm
long, with Vsd52200 and2250 V, are shown in black
and transients measured for a 1-mm-long sample for similar
applied fields, withVsd52100 and2120 V, are shown in
gray points. The solid lines are the corresponding fits t
power-law form I (t)5I 1ta, the parameters of which ar
plotted in Fig. 6. There is reasonably good agreement
tween the transients measured at the same fields for the
different sample lengths.

The current at fixed time increases exponentially with
applied voltage for the CAS on a quartz substrate, and
be discussed in more detail in a forthcoming publication12

For the gated samples, however, the voltage dependen
more complex. Figure 5 shows transients for a range of v
ages, measured for a sample on a 350-nm oxide. For sim
voltages, the currents at 10 s are considerably larger for

FIG. 4. Two sets of transients for a single film of 4.9-nm co
diameter, TOPO-capped nanocrystals, measured on a quartz
strate with two different electrode spacings but similar appl
fields. For the 2mm sample length, the transients, plotted in blac
are for steps ofVsd52200 V andVsd52250 V; for the 1-mm
sample length, the transients are plotted in gray, and correspon
steps ofVsd52100 V andVsd52120 V. The solid lines are the
associated power-law fits, the parameters of which are plotte
Fig. 6. T579 K.
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gated substrates, allowing us to measure transients at lo
voltages; this is probably the result of higher fields in t
sample near the source electrode due to the presence o
gate. In Fig. 6 the parameters obtained from fits of a pow
law decay to these transients are plotted, together with a
of points corresponding to a nominally identical sample w
a similar history, in filled black triangles. There is remar
ably good agreement between these two sets of data. On
same axes are also plotted two other sets of points,
which corresponds to a set of transients measured fo
sample on a substrate with a 500-nm oxide, and one of wh
corresponds to the measurements made on a quartz subs
previously shown in Fig. 4. For both types of gated substra
the decay exponents become smaller with more nega
Vsd , and the amplitude of the current at 10 s, as well as
exponenta, appear to saturate as the size of the voltage s
is increased.

The results on quartz are generally consistent with
measurements on the gated silicon substrates, in that we
observe power-law current transients, and again see no
dence of steady-state current. The major quantitative dif
ence is that the values fora are generally smaller than thos
observed for the substrates with 350-nm oxides, and the
little variation of a with applied voltage. Furthermore, be
cause the distance to the gate is much greater than the
tance between the electrodes, we expect, and observe
proximate symmetry for positive and negative voltag
for the quartz substrates, whereas we observe current

ub-
d
,

to

in

FIG. 5. Current transients for a range of different voltage ste
for a TOPO-capped, 4.5-nm core-diameter sample measured
1-mm gap, on a substrate with a 350 nm oxide. The sample
been cooled withVg52150 V several hours earlier; measur
ments on samples cooled withVg50 V show similar behavior, but
smaller amplitudes for the current transients, as discussed in
nection with Fig. 8. Steps are made in order of increasingly ne
tive voltage, with a half hourVsd50 V step in between, during
which the sample is illuminated for twenty minutes. Transients
not observable for positiveVsd . T579 K andVg50 V through-
out. Dashed lines are power-law fits to the data; the parame
from these fits are plotted in Fig. 6.
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NICOLE Y. MORGAN et al. PHYSICAL REVIEW B 66, 075339 ~2002!
sients only for negative source voltages for the gated sili
substrates.

Although the current transients scale with field on t
quartz substrates, the scaling factor is different for samp
measured on gated substrates.18 For a 500-nm-thick oxide,
although we can find a voltage such that the transient on
2-micron gap is the same as that on the 1-micron gap,
voltages differ by a factor of 1.6 instead of 2. Interesting
this single rescaling factor persists over the entire volt
range for which the transients are measurable. This is il
trated in Fig. 6, where the data for the 500-nm oxide s
strates consist of data for a 1-mm sample, shown in open
triangles, as well as rescaled data for a 2-mm sample, shown
in open squares. The scaling factor appears to be smaller
for the 350-nm oxide. Thus it appears that the transients
quartz substrates depend only on the field, whereas for
silicon substrates, as the gate oxide thickness is reduced

FIG. 6. Parameters from power-law fitsI (t)5I 10(t/10s)a to cur-
rent transients measured for films of TOPO-capped CdSe nano
tals, plotted as a function of applied voltage. Top panel: the am
tude of the transients at ten seconds. Lower panel: the de
exponent of the transients. Data for 1-mm-long samples on sub
strates with a 350-nm gate oxide are shown in black; the fi
circles correspond to the dashed lines in Fig. 5, and the trian
come from measurements taken on a different but nominally id
tical sample. The filled squares correspond to measurements o
first sample, immediately after cooling withVg50 V. Data for a
sample of 4.5-nm-diameter nanocrystals measured on a subs
with a 500-nm oxide substrate are shown in gray, for two differ
sample lengths. The open triangles correspond to the 1-mm sample,
and the open squares are data for the 2-mm-long sample, after di-
viding the voltage by a factor of 1.6. Transients are only obser
for negativeVsd on the gated substrates. Data corresponding to
transients shown in Fig. 4, measured on a quartz substrate
shown in filled gray symbols. The triangles correspond to the 1-mm
sample, and the squares correspond to the 2mm, after dividing the
voltage by a factor of 2. The variations ofa observed for the tran-
sients on quartz are within the fitting error.
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transients become less dependent on the electrode spa
perhaps approaching a dependence only on the so
voltage.

The temperature dependence of the current transien
shown in Fig. 7, for measurements of a 1-mm-long sample
on a substrate with a 350-nm gate oxide; these parame
are obtained from three-parameter power-law fits to the tr
sientsI (t)5I 1ta1I leakage. In the top panel, the current at te
seconds is plotted for three different values ofVsd . Also
shown is the steady-state leakage current, which is iden
to that measured on an equivalent device structure with
CAS film. This leakage current is linear in voltage, and
well described by an activated formI 5I 0exp(2EA /kBT),
with an activation energyEA5370 meV. Clearly, the leak-
age current interferes with the measurements of the trans
at temperatures above;220 K. The decay exponent of th
current transients is plotted in the lower panel. Although F
7 shows only data from 77 K to room temperature, a sepa
set of measurements from 6 K to 77 K shows no substantia
variation with temperature over that range. Above 77
there is little variation in either of the parameters until a
proximately 150 K, above which the amplitude of the curre
transients increases and the power law becomes steeper
decrease in the amplitude of the transients above 220 K,
the associated sharp drop in the decay exponent, is m
likely an artifact associated with the leakage current.

In order to further explore the relationship between t
buildup of charge in the CAS and the current transients,
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FIG. 7. Temperature dependence of the current transients m
sured on the same sample as in Fig. 5, taken in order of increa
temperature. The two parameters are obtained from three-param
fits to the transientsI (t)5I 10(t/10s)a1I leakage, where I leakage50
for T,200 K. Top panel: the amplitude of the current transients
ten seconds. The dashed line indicates the value ofI leakagefor Vsd

52100 V; it is identical to that measured on a bare substrate,
so is attributed to oxide leakage. Lower panel: the decay expo
of the transients, for the same data as in the top panel. Note tha
transients forVsd52100 V are too small to fit below 150 K.
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have measured transients after cooling the samples wit
applied gate voltage. At room temperature, a voltageVf c is
applied to the gate, and the sample is then cooled to 77
Once the sample is cold, the gate voltage is turned to z
and only then is the source voltage stepped. From the m
surements of the temperature dependence of the transien
appears that charge injected into the film equilibrates fa
rapidly at room temperature. Furthermore, the measurem
of gate charging, shown in Fig. 3, demonstrate that o
charge is injected into the CAS, it is difficult to remove
low temperatures. Therefore, in applying a gate voltage
room temperature, the hope is to equilibrate the sample w
a particular charge density at room temperature, and the
maintain that charge density after the gate voltage is tur
to zero with the sample cold.

The results are shown in Fig. 8. Although the data app
quite similar to that of Fig. 5, the measurement procedur
quite different. In Fig. 5, transients for a range ofVsd are
shown for a single cooldown; in Fig. 8,Vsd52125 V for
all the transients, which differ only in the sample histo
When the sample is cooled with a positive voltage on
gate, such that excess negative charge has been stored
sample, the current transient is much smaller; convers
cooling with a negative voltage on the gate results in a m
larger current. This is consistent with the decay of the curr
in time; in both cases, the buildup of negative charge
creases the resistance. It also suggests that at room tem
ture it may be possible to inject positive charge, althou
given the leakage current observed even for the bare
strates~Fig. 7!, it remains possible that some of the char
injected at room temperature resides in the oxide rather
within the nanocrystal film.

FIG. 8. Current transients for the same sample as in Fig. 5, a
cooling with different gate voltages, shown with power-law fi
~dashed lines!. Before each transient, the sample has been prep
by cooling from approximately 290 to 78 K withVf c ~labeled on the
right! applied to the gate; after reaching 78 K,Vg is set to 0 V, and
thenVsd is stepped to2125 V. Note that unlike Fig. 5, for which
Vsd is varied, the transients shown here differ only in sample h
tory.
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The parameters of the current transients depend on
size and spacing of the nanocrystals in the CAS. In Fig. 9
look for trends with the sample parameters by plotting
amplitude of the current transient against the decay expo
a, for a number of different samples with 1-mm length mea-
sured on substrates with 350-nm oxides. Each line conne
series of measurements on a single sample with diffe
applied voltages (Vsd). The general direction of increasingl
negativeVsd is indicated by the arrows. Data for the mo
commonly used type of sample, 4.5-nm core-diame
TOPO-capped nanocrystals, are shown for five differ
samples. Although there is some spread among these po
data for the other two types of samples fall outside t
spread. Data for a sample of 6.6-nm core-diameter, TOP
capped nanocrystals show somewhat smaller values foruau
as well as the amplitude of the transients, corresponding
slower decay of the current. Data for a sample of 4.0-
core-diameter, TBPO-capped nanocrystals show larger
ues ofuau, as well as smaller amplitudes.

In making comparisons between different samples, it
necessary to take the varying thicknesses of the films
account; the data in Fig. 9 correspond to films which range
thickness from 100 to 900 nm, corresponding to 20 to 1
layers of nanocrystals. As a first approximation, we ha
assumed that the current is proportional to the thicknes
the film. The data for the standard samples in Fig. 9
already been scaled to correct for the thickness; the clus
ing of these points indicates that the simple multiplicati
correction is moderately successful, and suggests that
current distribution is roughly uniform for these films. The
is, nonetheless, one major difference for the thinner film
shown as triangles and asterisks; although the scaled p

er

ed

-

FIG. 9. Comparison of data from three chemically distinct typ
of samples measured on substrates with 350-nm oxides, in a pl
the amplitude of the transients at ten seconds against the expo
of the decay, obtained from power-law fits. In gray symbols are d
from five different 4.5-nm core diameter, TOPO-capped samp
after scaling for the film thickness as described in the text. Data
the other two samples are shown before rescaling as dashed
and after rescaling, as filled black squares for the 4.0-nm c
diameter TBPO-capped sample, and filled black triangles for a
nm, TOPO-capped sample. The trend with applied voltage is in
cated with arrows.
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fall in the same general area as those of the thicker sam
they span a much smaller range ofa and I 10 for the same
range inVsd , suggesting a change in the voltage depende
of the transients. The dependence of the current transien
film thickness requires future attention, and could be parti
larly interesting in the event that the two-dimensional lim
could be more closely approached.

DISCUSSION

The very high resistivity of our CAS films suggests th
they contain no free carriers in the initial state. Since su
free carriers are thought to quench photoluminescence,19 the
high resistivity is therefore consistent with the relatively hi
quantum efficiencies found in similar films. However, o
experiments show that at sufficiently high voltages nega
charge can be injected into the CAS from gold electrod
Furthermore, once the charge is injected, it remains in
film for very long times at temperatures below 200 K. T
essential questions raised by our experiments are why
charge is stored for such long times and what the relation
is between this stored charge and the observed power
decay of the current.

We first focus on the quartz-substrate measurements
which the gate affects neither the field nor the charge ac
mulation in the sample. The exponential voltage depende
of the current at fixed time20 might result from field emission
of electrons from the Au into the CAS. In this case, o
might argue that a buildup of charge near the source e
trode would screen the field, reducing the the field emiss
Ginger et al. have developed such a model to explain th
observed current transients for CdSe nanocrystal arrays.8 Us-
ing a sandwich-cell geometry, with sample thicknesses
100–200 nm, they find a current that decays as a stretc
exponential in time. In this model, charge carriers move i
transport band until they become trapped in localized sta
The buildup of charge reduces the field at the contact
consequently the injection current.

We find it difficult to reconcile this model with our obse
vations. First, it is difficult to understand why extrinsic tra
should lead to current transients whose exponents cha
with the nanocrystal size and spacing. Second, in our m
surements, orders of magnitude more charge flows to
drain than is trapped in the sample. Since the trapping p
ability must therefore be small, the density of trapped cha
should be approximately uniform across the sample. At la
times, when this uniform density of trapped charge becom
sufficient to prohibit injection from the contact, the curre
would not scale only with the applied field, but would ha
some additional dependence on the sample length. Howe
the current transients we observe do scale with field at
times; there is no evidence for a significant buildup of cha
within the sample during the measurement. Furthermore,
cause the amplitude of the transients depends strongly u
the applied field, these measurements are fairly sensitiv
any deviations.

Alternatively, the exponential voltage dependence co
arise from an exponential dependence of the hopping
between nearest-neighbor nanocrystals. In this case, we
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pose that the current is not limited by injection into th
sample, but rather by extraction from a space charge reg
which forms near the contact. This type of space charge l
ited current is common in insulators with low charge dens
however, for the CAS our observations differ from the co
ventional models of space charge limited current in t
ways. First, in most systems, space charge limited curre
reach steady state when the integrated current is rou
equal to the total amount of space charge which reside
the sample. For the CAS on quartz substrates, we estim
this time to bet,1 s, much shorter than the times ov
which we observe the power law decay. From this, we
led to propose that although the space charge region de
ops fairly quickly, the extraction of carriers from the spa
charge region decreases with time.

Second, for conventional space charge limited current,
though the space charge is concentrated near the injec
contact, there is typically a long tail in the distribution whic
extends across the sample. As a result, in systems w
space charge limited current is observed, the current ge
ally has some dependence on the sample length as well a
the applied field.21 However, in the CAS films we observ
the current transients depend only on the applied field ov
time range of 1000 s for measurements on the quartz s
strates. This suggests that the space charge region which
its the transport in this system is confined to a narrow reg
near the injecting contact. From the uncertainty associa
with the scaling factor in our measurements, we estimate
this region extends no further than 100 nm from the conta
or a tenth of our smallest sample length. We note that
observations are not entirely inconsistent with the meas
ments of Gingeret al., whose samples were considerab
shorter than those studied here; a space charge region o
nm in their system would extend halfway across the long
samples.

The power-law decay of the current is reminiscent of th
associated with relaxation of carriers in GaAs.22 The motion
of electrons in a band of localized states with disorder
been studied in great detail.23 This system has a Coulom
gap for single-particle excitations, and the ground state
highly degenerate. Together, these give rise to very slow
laxation times, and the system has been referred to as a
lomb glass.24 Such slow relaxation has also been sugges
as the origin of unusual phenomena in indium oxi
films.25,26 We propose that the space charge near the so
electrode is a Coulomb glass. Although the space cha
builds up in a very short time, the emission of electrons fro
the space charge region decreases with time as the Cou
glass relaxes and the Coulomb gap grows in size. Pres
ably, once such a Coulomb glass relaxes it will be remov
from the sample only extremely slowly after the voltage
removed; this is consistent with the sample history effects
observe as well as the charging measurements of Fig. 3.
larger exponents observed as the temperature is incre
might result from more rapid relaxation of the Coulom
glass. A similar trend towards faster decay of the curren
seen when changes in the array parameters lead to incre
coupling between the dots, in Fig. 9. For the TBPO-capp
sample, the nearest-neighbor separation is 0.7 nm, comp
to 1.1 nm for the standard, TOPO-capped dots.10 Because
9-8
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interdot tunneling should increase exponentially as the w
of the tunnel barrier is decreased, we expect this chang
the capping molecules to lead to considerably increased
pling between the dots. As for the temperature depende
the data suggest that increased coupling between the
leads to a faster decay of the current.

We have no quantitative theory with which to compa
our results, and there are even qualitative observations
we cannot explain. For example, it is clear that the prese
of a gate electrode will lead to additional space charge in
sample, so it is not surprising that the current transients
strongly modified as the gate oxide is made thinner than
spacing between source and drain. The field which extr
charge from the space charge region near the injecting
tact then falls between source and gate; it increases as
gate oxide thickness decreases, and becomes less depe
on the electrode spacing. This is consistent with the dat
Fig. 6, for which I (t,V,L)5I (t,1.6V,2L) for the 1- and
2-mm-long samples on the gated substrates, rather than
ci

em

v.

45

od
a

th

ar
a

e

f

he
ar

e
th

07533
h
in
u-
e,

ots

at
ce
e
re
e
ts
n-
the
dent
of

he

field dependence@I (t,V,L)5I (t,2V,2L)# observed for the
quartz substrates. However, we do not understand why
exponents of the current decay are larger for the gated
strates; in the Coulomb glass model the presence of m
space charge should lead to slower equilibration. We also
not know why the decay exponent of the current should
smaller for a step in the source voltage than for a step in
gate voltage, as we observe.

Our future work will focus on making samples with stro
ger coupling between nanocrystals. Presumbably this wo
make it possible to observe the hopping conductivity char
teristic of the Coulomb gap.
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