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We investigate the charge transport in nanocrystal (NC) films using field effect transistors (FETs) of silicon
NCs. By studying films with various thicknesses in the dark and under illumination with photons with different
penetration depths (UV and red light), we are able to predictably change the spatial distribution of charge carriers
across the films’ profile. The experimental data are compared with photoinduced charge carrier generation rates
computed using finite-difference time-domain (FDTD) simulations complemented with optical measurements.
This enables us to understand the optoelectronic properties of NC films and the depth profile dependence of
the charge transport properties. From electrical measurements, we extract the total (bulk) photoinduced charge
carrier densities (7phoo) and the photoinduced charge carrier densities in the FETs channel (n;how). We observe
that the values of 7npp. and their dependence on film thickness are similar for UV and red light illumination,
whereas a significant difference is observed for the values of ny, .. The dependencies of npno, and ny,,, on film
thickness and illumination wavelength are compared with data from FDTD simulations. Combining experimental
data and simulation results, we find that charge carriers in the top rough surface of the films cannot contribute
to the macroscopic charge transport. Moreover, we conclude that below the top rough surface of NC films, the
efficiency of charge transport, including the charge carrier mobility, is homogeneous across the film thickness.
Our work shows that the use of NC films as photoactive layers in applications requiring harvesting of strongly
absorbed photons such as photodetectors and photovoltaics demands a very rigorous control over the films’

roughness.
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I. INTRODUCTION

Thin films of semiconducting nanocrystals (NCs) are
attracting a great deal of attention for application in novel
electronic and optoelectronic devices [1-10]. High-quality
semiconductor NCs can now be synthesized with high yield
using many different solution- and gas-phase techniques
[6,11-15], providing a huge flexility in terms of device
fabrication. Thin films of NCs can be deposited with high
deposition rates by means of printing-type techniques, such
as inkjet printing and spray coating, using liquid dispersions
of NCs (nanocrystal inks). This enables a cost-efficient
bottom-up assembling of NC films over large areas onto
temperature-sensitive substrates, e.g., flexible plastics and
textiles [16,17], unlike conventional higher-temperature and
more costly vacuum deposition methods. Moreover, the
tunability of the optical and electronic properties of the
individual NC building blocks via control of their composition,
size, shape, surface chemistry, and doping represents a great
opportunity to fabricating unprecedented (opto)electronic
devices [1-3].

Charge transport is fundamental in all envisaged applica-
tions of NC films. However, the nature of charge transport in
NC films is still under intense debate [3,18]. In particular, a bet-
ter understanding of the transport of photogenerated charges in
NCs is required to optimize the application of these materials
in optoelectronic devices such as photodetectors [19-21] and
photovoltaics [22-31]. The optoelectronic properties of NC
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films have only been addressed in regard to the tunability of
the NC energy band gap and the NCs absorption coefficient
[3,32]. Moreover, due to the large surface-to-volume ratio
of NCs, the transport of charges depends on the surface
properties of the NCs and on the interface between neighboring
NCs [3,18,33]. Also, the morphology of the films plays an
important role in transport due to percolation effects [3,34-37].
However, the impact of the morphology of NC films on their
optoelectronic properties has not been studied systematically.
Moreover, the contribution of charge transport in different
portions of a NC film across its thickness is also not well
understood.

In this work, we use Si NC field effect transistors (FETS)
to study the transport of photogenerated charge carriers in NC
films. We compare the charge transport of the NC devices in
the dark and under illumination with UV (A = 390 nm) and
red (A = 623 nm) light. Using films with various thicknesses
and light with significantly different penetration depths (UV
and red light), we are able to tune the spatial distribution
of photoinduced charge carriers across the films’ profile and
probe different portions of the NC films. In this way, we
determine the photoinduced charge carrier density in the total
(bulk) film and the photoinduced charge carrier density in
the FET channel as a function of the NC film thickness. The
photoinduced charge carrier density in the bulk film is obtained
from comparing conductivity/mobility ratios in the dark and
under illumination and the photoinduced charge carrier density
in the channel is obtained from comparing FET threshold
voltages in the dark and under illumination. Finite-difference
time-domain (FDTD) simulations of the Si NC FETs under
illumination are carried out to compute the generation rates
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FIG. 1. AFM micrographs of Si NC films with (a) L = 700 nm and (b) L = 60 nm. The AFM micrographs are used to build up a simulation
model of Si NC films on 130 nm Au and 300 nm silicon oxide on (c), (d) a silicon wafer and on (e), (f) quartz glass. (g) Optical absorption data
of Si NC films on quartz glass with L,, = 830 nm (open squares) and L,, = 150 nm (full squares) and simulated spectra (red lines) using the

models in (e) and (f).

of charge carriers, which are compared with the experimental
photoinduced charge carrier densities.

II. METHODS
A. Experimental methods

Si NCs are synthesized in a low-pressure flow reactor by
microwave-induced decomposition of silane [38]. In this work,
we use nominally undoped Si NCs with a mean diameter
das grown A~ 20 nm that are covered with a native oxide shell
[39]. Si NC films are prepared by spray coating a Si NC ink
consisting of H-terminated Si NCs (1 wt. %) in chlorobenzene.
To this end, the as-grown Si NCs are immersed in HF
(10% vol in H,0) to remove the oxide shell and render the
Si NCs H-terminated. The Si NC ink is deposited using a
homemade spray-coating setup yielding homogeneous Si NC
films with a tunable film thickness. Bottom-gate Si NC FETs
are fabricated on highly p-type doped Si substrates covered
with a 300 nm silicon oxide dielectric layer. The substrates
are patterned with interdigit contact structures (130 nm Au, 50
fingers, length 1.88 mm, spacing 20 um) fabricated by means
of photolithography and thermal evaporation. For optical
absorption measurements, quartz glass substrates are used.
A more detailed description of the HF etching, the Si NC
ink formation, and the spray-coating process is published
elsewhere [34].

The Si NC film thickness is measured using a DekTak
150 surface profiler with a stylus diameter of 12.5 um. The
surface exhibits a typical roughness of 100-200 nm. We define
the effective film thickness L as the lower 5 percentile of
the film thickness where a continuous coverage with NCs
is ensured (see Fig. 7) [34]. The average film thickness L,y
is used for the analysis of optical absorption data. Atomic
force microscopy (AFM) micrographs are recorded in Peak
Force mode using a MultiMode 8 AFM System (Bruker).
Optical absorption measurements are carried out employing

a Perkin Elmer Lambda 900 spectrometer equipped with an
integrating sphere to account for scattered light. For electrical
measurements, a homemade needle station setup connected to
a Keithley 2600 dual-channel source meter unit is used. To
avoid reoxidation of the samples, the electrical measurements
are carried out in an Ar-purged glovebox with O, and H,O level
below 1 ppm. The samples are illuminated with a 10-W UV
LED (A = 390 nm) and a 3-W red LED (A = 623 nm) that are
mounted next to the sample holder. Two sets of samples were
prepared using similar deposition conditions. The illumination
intensities are determined to be 7 mW/cm? (A = 390 nm)
and 13 mW/cm? (A =623 nm) for sample series I and
14 mW/cm? (A =390 nm) and 11 mW/cm? (A = 623 nm)
for sample series II. We measure current-voltage (I — U)
characteristics with floating gate and transistor transfer curves
(drain-source current Ipg versus gate voltage Ug) with a fixed
drain-source voltage Upg in darkness and under illumination.

B. FDTD simulations

Numerical calculations of optical absorption are carried
out using a finite-difference time-domain (FDTD) simulation
tool from Lumerical [40] to map the absorbed light in the
Si NC films. We employ AFM micrographs of two samples
with different film thickness (L = 700 £ 100 nm and L =
60 + 10 nm) shown in Figs. 1(a) and 1(b). These AFM data
are used to model the surface morphology (10 um x 10 um
unit cell) of the Si NC FETs [Figs. 1(c) and 1(d)]. A Si
wafer covered with a 300-nm-thick silicon dioxide and a
5 pm x 10 pmburied 130-nm-thick Au contact is considered
as a substrate. The optical constants for the bulk Si wafer, the
silicon dioxide, and the Au contact are taken from Palik’s
Handbook of optical constants [41]. The optical constants of
the Si NC films differ from bulk Si values as the films exhibit
lower densities due to their nanostructured, porous structure.
To account for that, we compute the absorption spectrum of
Si NC films on quartz glass [see Figs. 1(e) and 1(f)]. The
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experimental optical absorbance A in Fig. 1(g) is obtained
measuring the transmittance 7 and the reflectance R of the
Si NC films with average film thicknesses L,, = 830 and
150 nm and using the relation A = 100% — R — T. We find
a strong increase of absorption with decreasing wavelength
and increasing film thickness. To simulate these spectra, we
apply the volume averaging theory (VAT) to adjust the optical
constants of our porous Si NC films. Using the VAT model
from Garahan [42], the optical constants of a NC film can be
expressed as the effective refraction index n.¢ and the effective
absorption constant ke

neir = 3l + va? + B2, (la)
ke = Yo+ Va2 + 7] (1b)

with

a=¢nd — k) +A—p)(nd — k).  a)

B = 2ngikaicd + 2nsiksi(1 — @), (2b)

where ny;; is the refraction index of air (equal to one), ki, is
the absorption index of air (equal to zero), ng; and kg; are the
refraction and absorption indexes of bulk Si [41], and ¢ is the
porosity factor in the VAT model. We find that using ¢ = 0.8,
the calculated spectra well represent the experimental data [see
Fig. 1(g)]. The corresponding values of neg and kg are further
used for simulations of the Si NC FETs. We note that at the
large wavelengths, the experimental absorption is somewhat
higher compared to the simulated values. This may be due to an
underestimation of the diffused reflection in the measurements.

For the Si NC FETs, we map the photon absorption
probability in two different cases: (i) absorption only within the
effective film thickness L, and thus the photon absorption in the
top rough surface of the film is neglected, and (ii) absorption
only within the FET channel, considering a thickness of
50 nm for the latter. To allow a comparison with experimental
data, we divide the absorption probability by the volume
of the Si NC layer (film thickness L or channel thickness)
and multiply it with the incoming photon flux, giving the
charge carrier generation rate. The results of the simulations
as a function of wavelength are shown in the Supplemental
Material [43]. In the main text, we will focus mainly on the
generation rate for A = 390 and 623 nm computed for differ-
ent, representative NC film thicknesses of L = 60, 250, 400,
and 700 nm.

III. EXPERIMENTAL DATA
A. Si NC FETs under illumination

Figure 2(a) shows typical I — U characteristics (floating
gate) of Si NC FETs with two different thicknesses (L =
60 =+ 15 and 680 =+ 90 nm) in darkness and under illumination
with red and UV light. We find an increase of the current
under illumination, which is more pronounced for the thinner
film. For all data, the I — U dependence is nonlinear at high
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FIG. 2. (a) I — U characteristics and (b) transfer curves of Si
NC FETs with L = 60 & 15 nm (triangles) and L = 680 £ 90 nm
(diamonds) taken in darkness (black) and under illumination with
X =390 nm (blue) and A = 623 nm (red).

voltages. This effect is explained by a space-charge-limited
current transport mechanism giving rise to a linear I — U
dependence at low voltages and a power-law dependence at
high voltages [34,39,44]

[ =alU +bU™, (3)

where a, b, and m are parameters adjusted to fit the data.
In this work, we focus on the low-voltage regime, where a
corresponds to the Ohmic conductance G, which is used to
calculate the electrical conductivity o of the Si NC films.

Figure 2(b) shows transfer curves of the Si NC FETs in
darkness and under illumination (Ips versus Ug, Ups = 3 V).
For all data, we find a linear increase of current at positive
gate voltages, which can be explained by an accumulation of
electrons in the FET channel [34]. The current increases under
illumination. To extract the field effect mobility © and the
threshold voltage Ur, we fit Ins — Lo using

(Ips — Lotr) = WTClM(UG — Ur)Ups, “4)
where I is the current flowing when the FET channel is
switched off [see Fig. 2(b)], W is the transistor channel width,
C; is the specific capacitance per area, and S is the electrode
spacing [45]. In the fits, the value of I, corresponds to the
lowest value of current measured in the transfer curves. This
equation is valid for small Upg with Ups < (Ug — Ur).

In Fig. 3, the conductance [panels (a) and (b)], the
conductivity [panels (c) and (d)], and the field effect mobility
[panels (e) and (f)] are plotted as a function of film thickness
for sample series I [panels (a), (c), and (e)] and sample series
IT [panels (b), (d), and (f)]. Measurements are performed
in darkness (black) and under illumination with UV light
(blue) and red light (red). The conductance G increases
monotonically with film thickness for both sets of data, in
darkness and under illumination. We find that for thin films,
the conductance under illumination is almost one order of
magnitude higher than in darkness. For thicker films, the dark
conductance approaches the conductance under illumination.

Using the conductance and the film thickness, we calculate
the conductivity o of the Si NC FETs [Figs. 3(c) and 3(d)].
We find that o in darkness is fairly constant [Fig. 3(c)] or only
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FIG. 3. (a), (b) Conductance G, (c), (d) conductivity o, and
(e), (f) mobility p of Si NC FETs measured in darkness (black)
and under illumination with A =390 nm (blue) and A = 623 nm
(red). The illumination intensities are determined to be 7 mW /cm?
(A =390 nm) and 13 mW/cm? (A = 623 nm) for sample series I
(square symbols) and 14 mW/cm? (A = 390 nm) and 11 mW/cm?
(A = 623 nm) for sample series II (circle symbols).

exhibits a small increase with film thickness [Fig. 3(d)] with
values around 1077 Q~'em~!. This result is different from
our previous report where a strong dependence on the film
thickness has been reported [34] and will be further discussed
below. The conductivity under illumination is about one order
of magnitude higher for thin films and approaches dark values
for larger film thicknesses. Interestingly, we do not observe
a significant difference in photoconductivity under UV and
red illumination, although the optical absorption for the two
wavelengths is very different [see Fig. 1(g)].

The field effect mobility in darkness [Figs. 3(e) and
3(f)] is around 107> cm? V~!s~!, almost independent of film
thickness. We assume that the FET channel is much thinner
than the film thickness and, therefore, does not depend on L,
which agrees with the literature (channel thickness ~50 nm)
[34,46]. Under red and UV illumination, we find a small
increase of the field effect mobility with respect to the dark
values. This increase is up to a factor of 3 for thin Si NC
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FIG. 4. (a), (b) Charge carrier density in darkness nq, calculated
using Eq. (5). (c), (d) Photoinduced charge carrier density npho for
X =390 nm (blue) and A = 623 nm (red).

FETs and, in principle, can be interpreted as a photoenhanced
mobility, which will be discussed below.

We use the dark conductivity o4,k and dark field effect
mobility values [tquk to calculate the charge carrier density
in darkness ng.k, assuming that the mobility is constant
throughout the electrically active volume of the Si NC films
and using the relation

Ndark = Odark/(€/dark), (5)

where e is the elementary charge [45]. In Figs. 4(a) and 4(b),
we find that ng,x does not significantly depend on the film
thickness and scatters around 107 cm™. In a previous study,
we have reported that the values given by Eq. (5) strongly
increase on the film thickness and explained the increase with
percolation effects [34]. In such a case, Eq. (5) gives only an
apparent charge carrier density instead of ngqak. The fact that
the values of ngyx shown in Figs. 4(a) and 4(b) are mostly
independent of film thickness indicates that for the present
films percolation effects are unimportant and, therefore, Eq. (5)
gives the charge carrier density in the dark ng4,x. We conclude
that the difference between the observations in the two studies
is due to different substrates used for the Si NC FETs (Si wafers
covered with SiO; in this study and covered with SizNy in the
previous work). To confirm the influence of the substrate, we
have deposited Si NCs used for the current study on substrates
covered with SisNy4 and carried out measurements of 7g,.
These data are shown in the Supplemental Material [43]. We
find a clear increase of ng,x with film thickness in accordance
with the previous study. We suggest that the wetting properties
on the two dielectric materials with the Si NC ink differ and
may lead to a different morphology of the Si NC films, which
determines the formation of percolation paths. In the case of
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FIG. 5. (a), (b) Threshold voltage Ur taken at Ups = 3 V mea-
sured in darkness (black) and under illumination with A = 390 nm
(blue) and A = 623 nm (red). (c), (d) Photoinduced charge carrier
density calculated using Eq. (8) and the data in (a) and (b).

Si0; as a dielectric, the Si NCs may form denser layers at low
film thicknesses.

B. Photogenerated charge carrier density

The photoinduced charge carrier density is calculated using

Nphoto = Oillu/ (€Millu) — Mdark (6)

where oy, and wy, are the conductivity and field effect
mobility obtained under illumination. The values of 7,pe, are
shown in Figs. 4(c) and 4(d). For both sets of data, nphoto 1S
about 10'7 cm™3, which is comparable to 714,. With increasing
film thickness, we find a slight decrease of n,pe, Which is on
average about 0.5 orders of magnitude for both UV and red
light illumination.

InFigs. 5(a) and 5(b), the threshold voltages of the NC FETs
in darkness (black) and under UV and red light illumination
(blue and red) are shown as a function of film thickness.
In darkness, Ur is constant or slightly decreases with L,
exhibiting mean values around —10 V. Under illumination, Uy
tends to become more negative. This is more pronounced for
thin films. The threshold voltage in the accumulation regime is
a function of the charge carrier density n* in the FET channel

eln™*
G

where Upg is the flat band voltage, e is the elementary charge,
and / is the thickness for the channel. Here, we assume the
value of [ = 50 nm following recent studies [46] and consistent
with values considered in our previous investigation [34]. We
note that in the case of nanoparticle films, it is reasonable
to consider that / is larger than the NCs diameter (~20 nm).

Ur = Ur , @)
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We extract the difference between the threshold voltage in
darkness Ut gux and under illumination Ut jy, to calculate the
photoinduced charge carrier density in the FET channel n
using

photo

G

el’ ®
n;hom is plotted in Figs. 5(c) and 5(d). We note also that the
value of / used here should not have a significant impact in
our discussion because it is not focused in the absolute values
of nphoto Under UV light, nphoto decreases from 10'7 cm ™ for
thin Si NC FETs to values two orders of magnitude lower for
pm-thick Si NC FETs. In Fig. 5(d), ng,, of the thickest Si
NCFETs is below the detection limit as the difference between
the respective threshold voltages is very small. Under red light
illumination, n¥, . shows similar values for thin Si NC FETs

* * *
Nonoto = ity — Mdark = (UT dark — Ui) ¥

photo
(~10'7 cm™3), but exhibits a smaller decrease of less than one
order of magnitude with increasing film thickness.

C. Time-resolved and intensity-dependent photocurrent

Aside from the steady-state charge carrier densities, the
dynamics and the intensity dependence of the photocurrent
are important to check for temperature effects and characterize
the recombination mechanism present in the Si NC films. In
Fig. 6(a), the time dependence of the current measured at a
fixed voltage (Ups = 10 V) is shown in darkness and under
illumination with UV light for thin [L = (130 4 30) nm] and
thick [L = (1140 £ 80) nm] Si NC films. We find that upon
illumination, there is an immediate jump in the current as
well as a small further increase with a longer time constant.
Taking into account the long time scales of the current rise
(as well as of its decay), we can speculate that this is due to a
slow heating of the NCs due to thermalization of photoinduced
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FIG. 6. (a) Current taken at Ups = 10 V as a function of time
for a thin Si NC film (L = 130 &= 30 nm) and a thick Si NC film
(L = 1140 £ 80 nm). Blue-shaded areas represent illumination with
UV light (6 £2 chm’Z). (b) Photocurrent of the thin and thick Si
NC films in (a) with different illumination intensities for A = 390 nm
(blue) and & = 623 nm (red). Dashed lines are a fit to the data using
Eq. 9).
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FIG. 7. Optical absorption profile of Si NC films on FET
structures illustrated in Fig. 1 with (a), (c) film thicknesses L =
700 nm and (b), (d) L = 60 nm for (a), (b) A = 390 nm and (c), (d)
A =623 nm.

charge carriers. The absolute value of the sudden increase is
referred to as the photocurrent (Zpporo)-

InFig. 6(b), Ipnoto is plotted as a function of the illumination
intensity. The scaling of the photocurrent depends on the
predominant recombination mechanism. In the literature, this
is done via a power-law dependence

Iphoto X Fy’ (9)

where F is the illumination intensity and y is a power-law
coefficient [47]. Our data show a sublinear increase with
intensity. The thin and thick Si NC film samples exhibit a
similar scaling under UV and red light illumination, suggesting
that the recombination mechanism is similar throughout the
film. Fitting the data using Eq. (9), we find y = (0.45 £ 0.09)
for 390 nm and y = (0.70 &£ 0.08) for 623 nm. In the literature,
y = lisattributed to a monomolecular recombination process
with a high concentration of recombination centers near the
dark Fermi level [48]. A value y = 0.5 suggests a bimolecular
recombination process typically observed for band-to-band re-
combination. Trap states may also influence the recombination
process [39,48]. A power-law dependence of 0.5 < y < 1 is
expected for photoconductors with both deep recombination
centers and a distribution of trap states [48]. For Si NC films,
y ~ 0.6 is reported for measurements in air using white-light
illumination [39]. This value is between our measured data for
UV and red light. We consider that the wavelength dependence
of y observed in this study is a sign that the recombination
shifts from a mechanism involving deep recombination centers
and a distribution of trap states for red illumination to a more
bimolecular recombination mechanism for UV illumination.

IV. SIMULATION RESULTS

To investigate the nature of the observed different scaling

of nppoto and n;‘;hoto with film thickness, FDTD simulations are
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FIG. 8. Calculated charge carrier generation rates in Si NC films
(see Figs. 1 and 7) for A = 390 nm (blue circles) and A = 623 nm
(red circles). (a), (b) Generation rates in the 5 percentile thickness
L of the Si NC films, (c), (d) generation rates in the lower 50nm of
the Si NC films (FET channel). Dashed lines are calculated using the
Lambert-Beer law.

carried out to compute the absorption of light in the Si NC
FETs. The models for the calculation are shown in Figs. 1(c)
and 1(d). We obtain optical absorption profiles of the NC
films under illumination (UV and red light) for different film
thicknesses, which are plotted in Fig. 7. Under UV illumination
[Figs. 7(a) and 7(b)], the absorption is high at the top interface
of the Si NC films and significantly decreases at low-z values.
If the Si NC film is thin [Fig. 7(b)], the absorption is almost
constant within the entire film. When illuminated with red
light [Figs. 7(c) and 7(d)], we find interference effects leading
to an oscillation around some mean absorption value that is
constant across the entire film. This is the same for thick
and thin Si NC films. We evaluate the simulated absorption
profiles integrating the amount of absorbed photos up to
z=L and up to z =/ =50 nm. The data are shown as a
function of wavelength in the Supplemental Material [43].
Using this computed absorption probability P, we calculate
the generation rate of charge carriers I':

r P F 10

=vF (10)

where V is the volume of the Si NC film under investigation
(L x 10 um x 10 um for the bulk film and [/ x 10 um x
10 um for the channel). To be able to compare I" with the
photoinduced charge carrier densities npnoo and npp..,, we
account for the dependence on the illumination intensity in
Eq. (9). As nphoto X Iphoto and F o< I', we conclude that
Nphoto & 'Y [47]. Consequently, in Fig. 8, I'” is plotted as
a function of Si NC film thickness, where Figs. 8(a) and 8(b)
show the generation rates in the (effective) thickness L and
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Figs. 8(c) and 8(d) show the generation rates in the FET
channel. The photon flux is adjusted to the values used for
the sample series I and for the sample series II. In Figs. 8(a)
and 8(b), the generation rate decreases with film thickness,
showing only a slightly more pronounced decrease for UV than
for red light illumination. In the FET channel, the generation
rates significantly differ for larger film thicknesses showing
a decrease of 1.5 orders of magnitude under UV and 0.5
orders of magnitude under red light illumination [Figs. 8(c)
and 8(d)]. Comparing the simulation results with experimental
data in Figs. 4(c) and 4(d) and Figs. 5(c) and 5(d), respectively,
we find that the trends are in good agreement with the
experimental data. In Figs. 4(c) and 4(d), we observe an
average decrease of nppoe Of 0.5 orders of magnitude with
increasing film thickness from 100 to 1000 nm, the simulation
data [Figs. 8(a) and 8(b)] show a similar decrease for both UV
and red light illumination. Importantly, nppe 1S more or less
independent of the illumination wavelength in the experiment
and the simulation. Regarding the FET channel [Figs. 5(c)
and 5(d)], n;hoto exhibits similar values at low film thicknesses
under UV and red illumination. With increasing thickness, we
observe a decrease between 0.5—1 orders of magnitude for red
illumination, whereas n, .., under UV illumination decreases
atleast 1.5 orders of magnitude. The simulation data [Figs. 8(c)
and 8(d)] is in good agreement with the experimental data
showing similar values for UV and red illumination at low
thicknesses and a much stronger decrease of I'” for UV
than for red illumination with increasing thickness. We can
conclude that the simulated I'” well represents the trends of
the experimental 71,0, and n;hom.

For comparison, we also estimate the generation rate con-
sidering Eq. (10) and Lambert-Beer’slaw P = 1 — exp(—«L),
where o is the absorption coefficient [45]. The parameter
« is determined from the optical absorption measurements
in Fig. 1(g) to be «¢(390 nm) = (10 £5) x 10* cm™! and
(623 nm) = (4 +2) x 10’ cm™!. These generation rates are
inserted as dashed lines in Fig. 8. We find that this simple
model does not represent well the main characteristics of the
numerically computed and the experimental data. In Figs. 8(a)
and 8(b), I'” shows similar values for UV and red illumination,
which is not the case in the Lambert-Beer model. In Figs. 8(c)
and 8(d), the trend of the numerical values is somehow
reproduced, however, the similar values at low film thicknesses
are again not well represented by the Lambert-Beer model. The
main difference between the FDTD numerical simulation and
the Lambert-Beer model is the surface morphology of the Si
NC films.

In our simulation model, charge carriers that are photogen-
erated within the rough top layer of the films are not considered
for the calculation of the generation rates. In the Lambert-Beer
approach, an effective film thickness with a flat surface is
used. Therefore, charge carriers generated close to the film
surface are considered. The experimental data are in line with
the simulation data rather than with the Lambert-Beer model.
This suggests that the charge carriers created in the rough top
surface of the NC film do not contribute to the charge transport
and the top layer is electrically inactive. The surface roughness
is, therefore, very important for the photodetection efficiency.

In conclusion, we find that the simulated generation rates

(Fig. 8) and measured nphoro [Figs. 4(c) and 4(d)] and n;hoto
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[Figs. 5(c) and 5(d)] show the same dependence on film
thickness. The generation rate is computed from optical data
resulting in a profile of photogenerated charge carriers. Note
that not all these charge carriers do necessarily contribute to
the measured photocurrent as the extraction efficiency may
depend on the position in the Si NC film. In contrast, in the
transport measurements, we observe charge carriers that are
actually contributing to the charge transport from source to
drain. The generation rates and the photogenerated charge
carrier density show the same trend with film thickness, which
has been explained using nppoo < I'7.

Importantly, this relation only holds if the film is electron-
ically homogeneous and a constant share of the photogen-
erated electrons is transported through the NC film. If, for
example, the charge transport is restricted above a certain film
thickness, then npne, Would decrease significantly faster than
I'”. In our NC films, we find that the generation rates are
proportional to the photoinduced charge carrier densities in
the whole thickness range. This holds for the bulk and for the
channel of the Si NC FETs. Therefore, we can conclude
that all layers of the Si NC films are contributing equally
to the charge transport and have similar charge transport
properties.

We can further assume that, if the electronic properties
of the Si NCs in the bulk and the FET channel are similar,
then the field effect mobility, which can be measured in the
FET channel only, does not change significantly in the bulk
of the film. This conclusion is based on a comparison be-
tween the experimental photoinduced charge carrier densities
and the calculated charge carrier generation rates, as discussed
above. Since the trends observed in the experimental and
calculated data agree within a factor of 2, we infer that the
mobility should be contact within a factor of 2 across the films’
thickness. As pointed out above, the assumption of uniform
charge transport properties does not hold for the surface of the
Si NC film. Here, the rough top surface of the NC films prevent
that photogenerated charge carriers are being extracted.

V. CONCLUSION

We have studied the charge transport and optoelectronic
properties of NC films. FETs of Si NCs were used to measure
electrical conductivity and field effect mobility of NC films
with different thicknesses. We extracted the photoinduced
charge carrier density in the bulk of the films (12,p10) and in
the FET channel (n};,,,) using UV and red light illumination.
The results were compared with FDTD simulations of charge
carrier generation rates. We find that the values of nphoo are
similar for UV and red illumination and show only a small
decrease with film thickness. This is in contrast to ng, .,
where under UV illumination, a large decrease with increasing
thickness is observed. Comparing the experimental results
with FDTD simulations, we conclude that the dependencies
of nphoto and ngy, ., on film thickness are well reproduced using
a simple optical model of the NC films. We conclude that
the charge transport is homogeneous throughout the NC film
and that the rough surface portion of the films is electrically
inactive. Although our study has been carried out with Si
NC films deposited by means of spray coating, we think that
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our conclusions could also be applied to films of other NCs
deposited by other methods, provided that the morphology of
the films is similar to that of our Si NC films, i.e., that the
films are formed by a three-dimensional network of randomly
distributed NCs with a roughness that is similar to or larger
than the mean diameter of the NCs. Our work points out the
importance of achieving a high control over film roughness
for the application of NC films in optoelectronic applications
requiring the harvesting of strongly absorbed photons.
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