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ABSTRACT The doping of semiconductor nanocrystals (NCs), which is vital SiH, + P/B or SiCl,
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for the optimization of NC-based devices, remains a significant challenge. While
gas-phase plasma approaches have been successful in incorporating dopant
atoms into NGs, little is known about their electronic activation. Here, we
investigate the electronic properties of doped silicon NC thin films cast from

solution by field effect transistor analysis. We find that, analogous to bulk
silicon, boron and phosphorus electronically dope Si NC thin films; however, the
dopant activation efficiency is only ~10~2—10"*. We also show that surface

doping of Si NCs is an effective way to alter the carrier concentrations in Si NC

films.
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great interest for a variety of optoelec-
tronic applications, including light-
emitting devices' and photovoltaics® where
the control or tunability of carrier transport
is crucial to device operation. In order to
further tune the electronic and optical proper-
ties of NCs, the intentional inclusions of im-
purities, or dopants, has received significant
attention to increase the performance of
devices by controlling the number of carriers
and by altering the Fermi level in NC films.2
Synthesis of impurity-doped NCs is espe-
cially challenging for colloidal synthesis
techniques,®* and it has only recently be-
come possible to dope CdSe®~” and PbSe®®
NCs. Doping during gas-phase synthesis
appears to be easier. For instance, the sim-
ple addition of impurities (P or B) in the gas
precursor results in inclusion of the dopants
that reside in the core of plasma-synthe-
sized Si NCs at an incorporation efficiency of
about 10%.'"" However, all of these incor-
porated dopants are not necessarily electro-
nically activated.
The emergence of localized surface plas-
mon resonances (LSPRs) at very high dopant

S emiconductor nanocrystals (NCs) are of
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concentrations in oxide-free Si NCs, synthe-
sized with the same system as this study,
suggests that only a small fraction of the
dopants in the core are electronically
active.'? This is consistent with earlier stud-
ies of gas-phase-synthesized powders of
surface-oxidized, P-doped Si NCs, where
only 107> to 10™* of the nominal P concen-
tration were determined by EPR to be elec-
tronically active."

While a limited number of studies has
focused on the carrier mobility in Si NC thin
films,'*® to our knowledge, no study has
investigated the dopant activation effi-
ciency in carefully prepared films of electro-
nically coupled doped Si NCs. Thin-film field
effect transistors (FETs) are particularly
useful in providing information about the
mobility of carriers and the Fermi level of NC
films.>813

Here, we report, to our knowledge, the
first study that uses FET measurements to
investigate the carrier mobility and Fermi
level of B- and P-doped Si NC FETs. Compar-
ison with the nominal dopant concentration
enables us to derive the dopant activation
efficiency in Si NCs in a functional electronic
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film. We investigate two sizes of Si NCs, namely, large
(8—15 nm) and small (4—7 nm), to elucidate potential
size-dependent effects.

Finally, the observation of LSPR in chlorine-termi-
nated Si NCs,'”” which are otherwise undoped, in
contact with certain solvents suggests that the surface
termination of Si NCs can cause effective surface
doping. Hence, we also examine the role of hydrogen
and chlorine surface termination in doping of Si NCs.

RESULTS AND DISCUSSION

Si NC suspensions (“inks”) are produced by the
addition of solvent (1,2-dichlorobenezene, DCB) to free-
standing B- and P-doped Si NCs produced using a
nonthermal plasma process, which has been described
elsewhere,'®®° followed by ultrasonication. The
nominal concentration of dopants is defined as N, nom =
nsilPH3)/([SiH4] 4 [PHs]) or 2N, nom = NsilBaHel/([SiH4] +
[B,Hg]), where [PHs], [SiH4], and [B,He] are the number of
phosphine, silane, and diborane molecules introduced
to the plasma, respectively, and ng; is the atomic density
of silicon (5 x 10?2 cm™3). The Si NC suspensions used in
this study appear cloudy but stable over long periods of
time (days to months). Figure 1a shows a photograph of
a Si NC suspension in DCB and an overview of some
main steps for Si NC thin-film FET fabrication.

SiNC thin films fabricated by successive spin-coating
are observed to be closely packed and form a contin-
uous film over the entire substrate without cracks.
Figure 1b shows a cross-sectional SEM image of a Si
NC thin-film FET fabricated from large NCs, with diameters
of 8—15 nm (see Supporting Information Figure S1 for
SEM images comparing small NCs and large NC FETs). The
Si NC thin films typically have about 2—5 monolayers of
thickness variation, with a few large (order of 100's of nm)
agglomerates. Figure 1c shows an optical image of a
device with the Si NC layer partially removed to show
the difference in color between the gate oxide (blue) and
Si NC film (golden). The golden color of the thin films
corresponds to a thickness of ~10—40 nm and transitions
to different colors with increasing thickness, for example,
pink at ~40—80 nm and green-blue at ~80—120 nm, due
to thin-film interference effects. Typical transmission elec-
tron microscope (TEM) images of the large (8— 15 nm) and
small (4—7 nm) Si NCs are shown in Figure 1d,e (Figure S2
shows X-ray diffraction data of small and large NCs). As
previously described, Si NCs synthesized with a nonther-
mal plasma can be highly crystalline by properly selecting
plasma parameters.''7~1°

Doped Si NC FET Characteristics. Figure 2 shows typical
drain-current (/p)—gate-voltage (Vgs) characteristics for
intrinsic and doped Si NC thin films made with large
and small NCs. For devices made with nominally low
(less than ~1%) dopant concentrations, n-type behav-
ior is observed. For films fabricated from nominally
high P and B concentrations (~10%), FETs show mini-
mal to no gating behavior, as would be expected for
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Figure 1. (a) Si NC fabrication process with photographs of
a plasma reactor and a suspension of Si NCs in DCB and
device structure. (b) SEM cross-sectional image of a device
showing layers, from bottom to top, of p+ silicon gate,
130 nm oxide, ~100 nm Si NC layer, and 60 nm aluminum.
(c) Photograph of a Si NC FET with NC layer partially
removed to expose blue oxide. The golden color corre-
sponds to the Si NC thin films (~30 nm), and gray to the
aluminum source and drain top contacts. TEM images of (d)
large (8—15 nm) and (e) small (4—7 nm) Si NCs.

degenerately doped Si, where the heavily doped Si NCs
approach the metallic regime. The trace for nominally 10%
B large Si NCs shows a slight decrease in I with increasing
Vs, while the trace for nominally 10% P large Si NCs shows
nearly constant current. Importantly, the threshold voltage
(V1), where the device “turns on”, is observed to be strongly
dependent on the doping type and concentration. This is
clearly shown in Figure 2b, where the traces have been
normalized for variations in the mobility.

Figure 2 also shows the difference between fast
(10 V's7") and slow (1 V s") sweep rates of the gate
voltage (Vgs). For slow sweep rates, a significant
hysteresis is observed along with lower “off” currents,
while for fast sweep rates the hysteresis is significantly
reduced, but off-currents can be significant. The ob-
served hysteresis is attributed to screening of carriers
caused by traps, likely at the gate-oxide/NC interface or
NC surface, 22" and the creation or removal of defects
related to silicon-hydride species.?*** A more detailed
discussion on this hysteresis and other transient pro-
cesses in Si NCs films is available in the Supporting
Information. For nominally low doped Si NCs the
on/off ratio varied between 10' and 10*, where the
off-current was also dependent on NC film thickness
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Figure 2. Drain-current (Ip)—gate-voltage (Vgs) characteristics of doped Si NC thin-film FETs (a) measured using a fast sweep
rate of 10 V s~ for (red) P- and (blue) B-doped (dashed) 10% 8—15 nm, (solid) 1% 8—15 nm, (dot) 1% 4—7 nm, (black solid)
intrinsic 8—15 nm, and (black dot) intrinsic 4—7 nm Si NCs, (b) mobility-normalized Ip— Vs characteristics plotted on a linear
scale, and the same devices measured with a slower sweep rate of 1Vs ™' on (c) a semilog scale and (d) a non-normalized linear
scale. All devices shown have a width/length (W/L) of 2000/20 #m and are measured with a drain-source voltage (Vps) of 30 V.

(see Supporting Information Figures S3) and the afore- 8 (3 e 1 Fp  mmic - 20
mentioned sweep rate of Vgs. 6 | &isnm Ves: | 8-15nm w ] s
From the Ip—Vs traces the threshold voltage (V5) Vim0
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where C,, is the specific capacitance of the gate oxide, T 100 ¢ 1 €0 z
Vps is the applied voltage of the drain electrode with 350 1%%
respect to source electrode, and W and L are the 0 1%
channel width and length, respectively. V; can provide L o o

valuable insight into the properties of the Si NC thin
films, specifically with respect to the Fermi level.

The dependence of V1 on doping type and concen-
tration was confirmed from the output characteristics,
and typical output characteristics are shown in Figure 3
for large Si NCs. The expected saturation above the
saturation voltage (Vsat = Vs — V) is evident for low
nominally doped Si NCs and is marked by diamonds,
where V; was determined from the Ip—Vqs traces. For
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Vos (V)

10 20 30 40 50 60
VDS(V,

Figure 3. Output characteristics of Si NC thin-film transistors
with nominally (a) 1% B-doped, (b) intrinsic, (c) 1% P-doped,
and (d) 10% (blue) B- and (red) P-doped. Diamonds are where
Vps = Vsar = Vs — Vy, indicating the expected transition to
saturation behavior, with V; specified in each panel.

10% P- and B-doped Si NCs there is no gating behavior,
which further confirms the degenerate doping.
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In Figure 4a V7 is plotted as a function of nominal
dopant concentration, and V5 is shown to be strongly
dependent on the nominal doping type and concen-
tration. Increasing the nominal doping concentration
of B leads to higher positive V1, and, conversely, higher
concentrations of P lead to more negative V. The
expected Vr for a FET can be calculated with the
gradual channel approximation assuming bulk-like
properties of the Si NC layer. A detailed description of
this calculation and assumptions is provided in the
Supporting Information. In Figure 4a the calculated V¢
are shown for various dopant activation efficiencies
as a function of nominal doping concentration (N nom),
where the dopant activation efficiency # is defined as
Naact = 17Nanom: Where N, is the actual extrinsic
carrier density. A comparison between the experimen-
tal results and V; predicted by the model reveals that B
behaves as a p-type dopant that lowers the Fermi level,
requiring higher positive gate voltages to accumulate
charges in the channel, and P behaves as an n-type
dopant that raises the Fermi level, as shown in the inset
of Figure 4a. The efficiencies of dopant activation
(~1072=10"% are similar to EPR measurements of
P-doped Si NCs synthesized using a different gas-
phase synthesis method."" As Si NCs in that study were
covered in a native oxide and defects at that Si/SiO,
interface may lead to dopant compensation, it is not
obvious why the dopant activation efficiency is similar
to our study, which is based on largely oxide-free
Si NCs.

Size Dependence. In large NCs V; changes over a large
range as doping behavior shifts gradually between
semiconducting and metallic-like, while for small
P-doped NCs a sharp transition is observed from low
off-currents (<1 nA) to high off-currents (10's of nA).
This is evident in both the Ip—Vgs and output char-
acteristics, as shown in Figure 5 (see Supporting In-
formation Figure S5 for inclusion of small intrinsic and
B doped). We attribute this behavior to the expected
semidiscrete wave functions of Si NCs in films and the
expected distribution of number of dopants in indivi-
dual NGCs. This distribution of dopants is expected to
result in ensembles of NCs made of NCs that are either
doped or intrinsic. This issue becomes especially evi-
dent for small NCs, where a small NC would be either
intrinsic or degeneratively doped by a single active
dopant. For example in a 4 nm Si NC, one active P
dopant would result in a degenerative doping concen-
tration of 3.13 x 10"® cm 3, while for a large (12 nm) NC
with one active P dopant, the doping concentration of
1.11 x 10'® cm™3 would be nearly degenerate and
resultin a Vyof —21 Vin our device structure (assuming
bulk-like properties). This binary nature of doping in
small NCs leads to the observed increased off-currents
due to conduction paths consisting of degenerate NCs
along with additional gate-induced pathways of in-
trinsic NCs.
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Figure 4. (a) Threshold voltage (V1) summary as a function
of nominal doping concentration and (b) x;;, dependence
on nominal doping concentration for (red) P, (black) intrin-
sic, and (blue) B Si NC thin films for (diamonds) small,
4—7 nm and (circles) large, 8—15 nm Si NC thin films. Error
bars are the standard deviation of 5—8 devices fabricated
from the same batch of NCs with at least two different
substrates, where each point represents a different batch of
NCs. Some points are slightly offset for clarity. Lines in (a)
are calculated V; for various active dopant activation effi-
ciencies. Inset: Density of states diagram and the effect of
dopants and gate-induced electrons on the Fermi level, Eg.

We assume the probability p,, of a single NC having
n number of dopants follows Poisson statistics:

pn = Ng"/n! exp(—Ng) (2)

where Ny is the average number of active dopants per
NC (Ng = 7Ny nom(4/37rng)), 17 is taken from Figure 4a,
and r is the average radius of the NC. For a small NC
where one or more dopants result in a degenerate NC,
the fractional concentration of degenerate NCs is given
by x = (1 — po).

According to percolation theory for a film made of a
fraction of conducting (x) and insulating (1 — x)
spheres, there is a percolation transition near a thresh-
old x. and the film is insulating below this value,
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Figure 5. Characteristics of Si NC FETs fabricated with small
(4—7 nm) Si NCs showing a sudden change from intrinsic to
metallic behavior. (a) Ip—Vgs characteristics on a semilog scale,
and (b) normalized scaling of conductivity according to perco-
lation theory compared with the (steady-state) off-currents of
4—7 nm P-doped as a function of nominal doping concentra-
tion and output characteristics with nominally (c) 1% P-doped,
(d) 2% P-doped, (e) 5% P-doped, and (f) 10% P-doped.

typically about 0.27.2>2° Above this threshold the
conductivity scales as o = (x — xJ)', where t is in the
range ~1.1—-1.8, depending on a variety of factors
including geometry, size dispersion, and packing of
the film.®® In Figure 5b the normalized scaling of
conductivity (x — x)"/(1 — x)" is compared to the off-
current as a function of nominal doping concentration,
where we assume a t of 1.73 and an r of 5 nm. The close
agreement in trends between percolation theory and
the experimental results supports the previous assump-
tion that small NCs are either intrinsic or degenerate.
Influence of Surface. As the studies of chlorine-termi-
nated Si NCs in ref 17 suggested the surprising surface
doping of Si NCs through a Lewis acid—base interac-
tion with a hard donor group of certain solvents (such
as ketones and nitriles), we also investigated the pro-
perties of Cl-terminated Si NCs. As shown in Figure 6a,
little to no gating behavior is observed, suggesting
degenerate surface doping of the Si NCs. To further
investigate if the surface of the NC was responsible for
the minimal gating behavior, we intentionally oxidized
the NCs and then etched the oxide with hydrofluoric
acid (HF) vapor, resulting in a mostly hydrogen-termi-
nated surface, as shown in Figure 6d. Once the chlorine
was removed and replaced with hydrogen, the Si NCs
demonstrated mobilities and gating behavior similar
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Figure 6. Output characteristics of (a) Si NC with chlorine
termination and (b) after oxidation and HF etching; corre-
sponding (c) Ip—Vgs characteristics and (d) FTIR for the same
samples.

to Si NCs synthesized with hydrogen termination, as
shown in Figure 6b.

These results suggest that one or more species at
the surface add significant free carriers to the NCs with
chlorine-terminated Si NCs. This apparent large num-
ber of free carriers for Si NCs with chlorine is supported
by other experimental observations, such as our previous
study on the optical extinction cross-section, where
characteristics of free carrier absorption was observed
in the infared.?” Theoretical works predicted that chlor-
ine-terminated Si NCs will have vastly different electronic
properties compared to hydrogen-terminated Si NCs,
where chlorine is expected to localize electrons near
chlorine atoms (at the surface)®® that act as electron trap
states with the NCs expected to behave as good
acceptors. 23 We suggest the degenerate behavior of
Cl-terminated Si NCs arises from hard donor groups of
organic solvents present in the glovebox atmosphere
donating to the NC assisted by the presence of chlorine.

Mobility. A wide range of electron mobilities for the
Si NC films, from <107 %t0 5 x 107*cm? V™" s~ was
found, with a summary of the size and dopant con-
centration dependence shown in Figure 4b. A general
trend of decreasing mobility with increasing dopant
concentration is apparent. This is likely responsible for
the decrease in current observed for high nominally
doped NCs compared to the on-current of less doped
NCs (as shown in Figure 2). Films of small NCs along with
P-doped NCs tended to have higher mobilities; however
there was significant variation between batches of NCs
made with identical synthesis conditions. Theoretical
results predict a wide range of factors that influence
the mobility in Si NC films including oxide thickness
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between NCs, NC size and size distribution, and disorder
in the packing structure.>'3? Rigorous efforts were made
to avoid oxidation in the samples examined in this
study, and only minimal oxidation is evident as seen in
typical FTIR spectra (shown in Figure S6). We can there-
fore exclude the influence of a large amount of oxide
between NCs. However, a small amount of oxide may
act as scattering centers, which reduces the mobility.
Further investigation is necessary to elucidate the
mobility-limiting mechanism.

All devices showed transport dominated by electrons,
with the possible exception of those with 10% B doping.
We attribute this electron-dominated transport to hole-
type traps. However, ambipolar transport for several
low B doped samples after annealing at 170 °C was
observed, but the hole mobilities remained in the range
of 1078 cm? V™' s7', and transient processes made it
difficult to accurately determine device parameters.

METHODS

Si NCs were synthesized in a nonthermal plasma as previously
described,'®'® where a continuous gas flow of silane or silicon
tetrachloride and hydrogen,19 argon, and, in the case of doped
NCs, phosphine (15% in hydrogen) or diborane (10% in
hydrogen) was introduced into a quartz reactor tube with
power applied to ring electrodes.

Suspensions of Si NC “inks” were prepared by the addition of
anhydrous 1,2-dichlorobenzene (Sigma-Aldrich) to dry Si NC
powders with concentrations of about 2 mg mL™". Dispersions
were formed by using a tip-ultrasonicator (Sonic & Materials,
Inc., VCX130PB) at 25% power (resulting in ~2 W) for 1 min.

FETs were fabricated by successive spin-coating (1000 rpm)
of Si NC dispersions onto cleaned doped (p+) silicon wafers with a
130 nm thermal oxide as the gate dielectric. While the thickness of
the Si NC thin film scaled roughly linearly with the number of
coatings, there was a significant batch-to-batch difference in the
number of coatings required for similar thicknesses. The thickness
of the thin film could be rationally estimated by its reflected color
due to thin-film interference; a dark gold reflected color was used in
this study, which corresponded to a thickness of about 10—40 nm,
unless otherwise noted. Top aluminum contacts (60 nm) were
thermally evaporated with a shadow mask with a width (W) of
2000 m and a channel length (L) of 20 um, unless otherwise noted.

FETs were measured at room temperature with a Keithley
semiconductor characterization system (model SCS-4200) in a
nitrogen-purified glovebox with oxygen and water concentra-
tions of <1 ppm. The synthesis, handling, and measurements of
FETs were performed without exposure to air.

ATR-FTIR spectroscopy (JASCO, 6100) was performed under
vacuum with a ZnSe ATR crystal. Solutions of Si NCs in DCB were
deposited onto the ATR crystal, and the analysis chamber was
immediately evacuated with a roughing pump under a small
flow of nitrogen gas and DCB was completely evaporated prior
to acquiring spectra. The samples experienced a brief (<2 min)
exposure to air, and the FTIR analysis was performed after
device fabrication and characterization. Air-free FTIR spectros-
copy of chlorine-terminated NCs was performed in a transmis-
sion mode air-free cell with thallium bromoiodide (KRS-5)
windows with a layer of NCs deposited on one window.

SEM was performed with a JEOL-6700F, and TEM was per-
formed on a FEI Tecnai G2 30 operating at 200 kV.

HF vapor etching (50% in water solution) of oxidized chlorine-
terminated Si NCs was performed in a room-temperature
container and allowed to progress slowly, requiring ~5 h to
sufficiently etch the oxide on the Si NCs.

GRESBACK ET AL.

CONCLUSIONS

In summary, the threshold voltage of Si NC FETs was
found to be strongly dependent on dopant concentra-
tion and type, consistent with changes in the Fermi
level of Si NC thin films caused by dopant activation
with an efficiency of ~1072—10"* of the nominal
precursor concentration. Large NCs exhibited a con-
tinuum between intrinsic and degenerate doping,
while small NCs show a sharp transition to degenerate
doping, suggesting that the wave functions of NCs are
still discrete. Additionally we found that chlorine-
terminated Si NCs are doped through surface effects.
These results reveal that both intentional inclusions of
impurities in the core of Si NCs such as P and B and
surface interactions can effectively dope Si NCs, result-
ing in control of the Fermi level and carrier concentra-
tion, which is desirable for the development of
functional Si NC-based devices.
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