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ABSTRACT: Hybrid carbon nanotube-silicon (CNT—Si) junctions have been investigated by angle resolved photoemission
spectroscopy (AR-XPS) with the aim to clarify the effects of a nonstoichiometric silicon oxide buried interface on the overall cell
efficiency. A complex silicon oxide interface has been clearly identified and its origin and role in the heterojunction have been
probed by exposing the cells to hydrofluoric (HF) and nitric (HNO,) acid. Real-time monitoring of the cell efficiencies during
the steps following acid exposure (up to 1 week after etching) revealed a correlation between the thickness and chemical state of
the oxide layer and the cell efficiencies. By matching the AR-XPS and Raman spectroscopy with the electrical response data it has
been possible to discriminate the effects on the cell efficiency of the buried SiO, interface from those related to CNT acid doping.
The overall cell behavior recorded for different thicknesses of the SiO, interface indicates that the buried oxide layer is likely
acting as a passivating/inversion layer in a metal—insulator-semiconductor junction.
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B INTRODUCTION

Hybrid devices based on heterojunctions between carbon
nanotubes (CNTs) and silicon are among the most promising
alternatives to silicon photovoltaics (PV) because of the
remarkable power conversion efficiencies (PCE or 7) so far
displayed by devices based on these junctions."”? The high
efficiency reported for these systems is related to the peculiar
physical properties of CNTs. On one side, single-walled carbon
nanotubes (SWCNT) are excellent candidates for participating
in photogeneration processes, because of their capability of
absorbing light over a wide range of the solar spectrum, thanks
to an energy bandgap variable from 0 to 3 eV, depending on the
tube diameter, and to the presence in their density of states
(DOS) of characteristic van Hove singularities. On the other
side, it has been recently proved® that SWCNTSs do not merely
act as a light absorber layer but, due to their extraordinary
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electrical conductivity (~10° S/cm),* they are also able to
provide efficient transport paths for carriers, which have a very
high probability to reach electrodes and generate photocurrent
in devices based on CNTs photoexcitation processes.®

A considerable effort has been recently made to increase the
efficiency of CNT—Si heterojunctions, until reaching a record
PCE of about 15%.° However, much has still to be done in
order to identify the mechanisms behind the device operation
and determine the parameters that mostly affect the cell
behavior. In addition to a number of technical issues related to
the cell geometry, to contacting pads, and to the choice of the
CNT layer, several studies have pointed out™”® that a silicon
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oxide layer grows at the interface between monocrystalline
silicon and CNTSs not only during the manufacturing process
but also once the junction is built and that the properties of this
layer may affect the overall cell performances.

The role played by the oxide layer is of fundamental
importance for understanding the working mechanism behind
these devices that could behave either as p—n junctions’ or as a
metal—insulator—semiconductor (MIS) devices.'’ In particular,
in a p—n junction model, the best efficiency should be reached
once all the insulating silicon oxides are removed and perfect
junctions between CNTs and Si can be built. On the other
hand, in MIS junctions a relatively low potential barrier
between CNTs and silicon yields a high number of majority
carriers recombinations, resulting in a saturation current larger
than that of a p—n junction diode and, as a consequence, in a
low open circuit voltage. In these devices a thin layer of
insulating oxide is beneficial because it helps to confine
electrons in silicon, avoiding them to fast recombine in
CNTs."! Moreover, a thin insulating layer may also have the
advantage to passivate interface states, hindering charge
trapping, lowering recombinations and increasing the device
open circuit voltage.

The choice between the two junction schemes (i.e., p—n vs
MIS) is still an open question that requires a specific
investigation on the oxide role through direct evidence of the
Si oxidation states during all the etching and aging processes
aimed to tailor the oxide layer properties.

Oxide removal from silicon upon HF exposure is expected, as
it is a standard treatment to etch silicon wafers and, on this
basis, similar results have been claimed when CNT/Si
heteojunctions were HF etched.®'? However, the results of
the treatment are not usually documented by a probe sensitive
to the Si oxidation state.

The possibility to access the buried interface layer by angle
resolved X-ray photoemission spectroscopy (AR-XPS) has
recently been demonstrated on devices similar to those
analyzed in the present work."”> Though the existence of an
oxide lagfer with optimal thickness was inferred by several
groups”®"? to rationalize the behavior of the cells in the
presence or absence of oxides, a complete analysis of this layer
was so far overlooked and a direct evidence of the optimal layer
thickness and composition is still virtually missing. Therefore,
in spite of a seemingly straightforward preparation route, the
CNT/Si0,/Si interface represents a quite complex system from
the point of view of materials, as it matches a relatively low-
density CNT bundle layer with a nanostructured and
chemically inhomogeneous SiO, layer grown on a n-doped
silicon wafer.

In particular, in devices based on bundles of randomly
aligned SWCNTSs the presence of a thin layer of oxides has
always lead to better cell performances.”*"> As shown by Jia et
al,” the electrical parameters of a CNT/Si solar cell can be
modulated by changing the thickness of the SiO, layer, either
by removing oxides with HF or by letting these oxides regrow,
through either oxidation in ambient air or exposure to HNO;.
Since now, several groups”® have used exposure to HNOj; to
grow silicon oxides as a rapid alternative to ambient air
oxidation, treating the two methods as if they would lead to
equivalent results. On the other hand, it is also well established
that HNO; can be used to further p-dope the CNTs,"*~"
disclosing the possibility that HNO; does not merely act as an
oxidant agent, but also as a chemical dopant. The 2-fold role of
HNO; must be clarified and silicon oxidation and CNT doping
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processes need to be analyzed and discussed separately, with
the help of suitable experimental techniques.

Moreover, it is worth noting that efficient control of Si
passivation through the introduction of a uniform and dense
SiO, layer is crucial to reduce leakage currents and to suppress
charge recombination, in metal-oxide-semiconductor (MOS)
devices, as shown by Kobayashi et al.'® by considering nitric
acid oxidation of silicon in conventional all-Si solar cells, as well
as in Si/organic hybrid solar cells."

It is clear that a deeper understanding of the role played by
acids in modifying the properties of CNTs, Si and SiO, is
mandatory. This can be accomplished by directly probing the
changes of the physical and chemical properties of the surface
and the buried interface through suitable spectroscopic tools.

The purpose of the present work is then (i) to directly show
on the device to which extent and how the hydrofluoric and
nitric acid treatments affect the physical properties of both
CNTs and the buried SiO, interface and (ii) to probe how the
CNT doping induced by HNOj; exposure affects the overall cell
behavior, discriminating effects on the CNT bundle layer from
those due to changes in the physicochemical properties of the
oxide layer.

To achieve these goals, a combination of spectroscopic tools
has been considered: AR-XPS for a direct probe of the buried
oxide interface, Raman spectroscopy to obtain information on
CNT properties, and the acquisition of current density—voltage
(J-V) characteristics for monitoring the behavior of the
photovoltaic device after exposure to acid. These techniques
have been applied to the different steps of oxidation or acid
exposure in order to obtain a real-time monitoring of the
chemical and physical properties of the interface. Within this
experimental frame, the HF etching resulted to be crucial to
restore a common starting point between the samples in terms
of interface oxide removal, directly and nondestructively
documented by XPS analysis.

It is worth mentioning that our HF treatments were milder
than those carried out by Li et al.'> that were able to n-dope
their SWNTSs after a 5 min exposure to HF vapors. In this way
it was possible to explore a junction between n-type CNT layer
and a p-type silicon substrate, which is a reversed scheme with
respect to the one discussed in the present study (p-type CNT
layer onto n-type Si wafer).

While in a previous paper," the study of HF etching by AR-
XPS analysis was reported basically at a feasibility stage, here we
fully exploit this approach to address several problems,
spanning from the effects of HF etching to those of HNO;
treatments and the tracking of spontaneous oxidation in air.
This breadth of phenomena will be addressed by a combined
spectroscopy study that goes beyond the usual characterization
tools (transmission spectroscopy and sheet resistance measure-
ments) aimed to monitor the effects of acid treatments.

On the basis of this experimental approach, a clear
correlation between the measured buried oxide layer thickness
and the cell efficiency is demonstrated. Furthermore, the silicon
oxide stoichiometry is also found to significantly affect the cell
behavior. Finally, we have been able to show that, in the Si—
CNT junction, HNO; behaves both as silicon oxidizing agent
and a source of CNT chemical doping.

B MATERIALS AND METHODS

SWCNT/Si PV Devices Fabrication. In this study, two PV cells,
hereafter labeled A and B, were considered. The devices were realized
by vacuum filtrating, respectively, 2 and 4 mL of semiconducting (7,6)
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Figure 1. Three-dimensional sketch (a) and cross section (b) views of the CNT—Si hybrid photovoltaic device. (c) Model of the complex buried
interface as a stack of (bottom to top layer) Si/SiO,(1)/Si0,/SiO,(II)/CNT layers.
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Figure 2. Si 2p XPS spectra for sample A (a) and sample B (c) and J—V characteristic for sample A (b) and B (d) at different oxidation stages:
pristine (pink circles), after HF etching (black diamonds) and at optimal oxidation (blue triangle). In panel a, the four Voigt subpeaks which fit the Si
2p core lines of the pristine sample A are also shown. In panels b and d, the J—V curves measured in the time lag between HF etching and the

optimal oxidation state are also shown (thin lines).

SWCNT solution on a cellulose filter, later removed in acetone,
following the same manufacturing process described in refs 13 and 20
resulting in a final CNT film thickness of (26.2 + 0.8) nm and (31.4 +
0.9) nm, respectively (CNT film thicknesses obtained through the AR-
XPS analysis, see Supporting Information and ref 13). The substrates
are based on a 1 X 1 cm? slice of n-type Si(100) (resistivity 3—12 Q-
cm), passivated with 300 nm of SiO,, covered by Cr/Au front
electrode in which a window of 3 X 3 mm?® has been obtained by
lithographic processes. A Cr/Au ohmic contact was finally realized on
the backside of the sample. The layout of the device is shown in Figure
la, while a cross section and the model stack of layers across the Si-
CNT junction are shown in Figure 1b and c, respectively.
Experimental Setup. XPS spectra were collected at a base
pressure of 2 X 107'% mbar by using the Al K, line (hv = 1486.6 eV,
resolution 0.85 eV) from a twin anode (Al K, and Mg K,) X-ray
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source and a VG-Scienta R3000 spectrometer, calibrated following the
procedure described in ref 21. Raman spectra were collected with a
Renishaw spectrometer equipped with a He—Ne laser (4 = 632.8 nm)
and a Leika confocal microscope. A S0X microscope objective (NA =
0.75) was used, with a laser power on the sample of about 1.4 mW.
Electrical responses were collected with a halogen lamp (irradiance 64
mW/cm?) and a custom-made J—V tracker, driven by a National
Instrument PCle-6251 data acquisition board through the labVIEW
software package.

B RESULTS AND DISCUSSION

Effects of Exposure to HF. As devices were prepared in
air, before starting any exposure to HF or HNO; it was
necessary to record the initial cell efficiency through the
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Table 1. Electrical Characteristics (7, FF) and Estimated Layer Thicknesses of Sample A?

n (%) FF (%) CNT (nm) $i0,(II) (nm) SiO, (nm) $i0,(I) (nm) total (nm)
pristine 0.035 18.93 26.20 0.47 0.73 0.28 1.48
after HF 0.107 28.96 26.20 0.35 0.35
optimal oxidation 1.012 35.45 26.20 0.20 0.60 0.65 145
“Thickness values in silicon oxide layers are given with a +0.05 nm error.
Table 2. Electrical Characteristics (7, FF) and Estimated Layer Thicknesses of Sample B¢
n (%) FF (%) CNT (nm) SiO,(11) (nm) SiO, (nm) SiO,(I) (nm) total (nm)
pristine 0.147 1791 3141 0.24 1.72 0.55 2.51
after HF 0.295 31.88 3141 0.64 0.64
optimal oxidation 2297 48.28 3141 0.72 123 0.36 2.31

“Thickness values in silicon oxide layers are given with a +0.05 nm error.

acquisition of J-V curves on the pristine samples and to probe
the silicon oxidation state with XPS at the pristine CNT—Si
heterojunction (pink circles in Figure 2). Incidentally, it is
worth mentioning that the starting efficiency of our solar cells
(0.035% and 0.147%, for samples A and B, respectively) are low
if compared to those recently reported in literature.*”'>'> The
cells were not optimized to yield the highest efficiencies, as the
main focus was the detection of relative changes upon acid
exposure. To access the SiO, buried interface by AR-XPS, the
CNT layer thickness is chosen to be relatively low. A similar
choice was also made by, for example, Tune et al,® that selected
the devices not on the basis of their performances but, in that
case, to guarantee the reproducibility of results.

Moreover, these relatively low efficiencies are also
determined by our experimental setup (halogen lamp,
irradiance 64 mW/cm?*) which differs from the standard ones
(solar simulator, 100 mW/cm?) both in terms of power and
spectral composition. However, this point would not affect the
validity of our analysis, since we were looking for changes in the
efficiency and in the electrical cell behavior by comparing
different oxidation and doping states of the same sample.

XPS survey spectra collected on the pristine samples showed
the presence of C, Si, and O, along with Na that was ascribed to
traces of the CNT solution surfactant.

High-resolution XPS studies on the Si oxidation,”>™*> have
shown that many oxide species can be detected during the
oxidation process, each characterized by a specific binding
energy (BE). In addition to bulk silicon (Si°) the core lines of
three suboxides (Si'*, Si**, Si**) can be found in the binding
energy range between Si and SiO,. Even though our
experimental resolution was lower than the one reached by
using synchrotron radiation,”” we needed at least four peaks
(Voigt functions) to correctly fit the Si 2p XPS spectra. These
peaks ranged from BE = 99.1 eV for bulk silicon to BE = 102.9
eV for SiO, with two additional peaks ascribed to non-
stoichiometric silicon oxides. This choice was made necessary
in particular for correctly fitting the Si 2p peak after the HF
etching, in which almost all the oxides were removed except for
the Si* component, hereafter labeled as SiO,(I), which
determined an asymmetric line shape of the Si’ peak (see
Supporting Information, Figure S1 and related comments).
Since our experimental resolution does not allow for the
resolution of the Si** and Si** contributions, they have been fit
to a single peak and labeled as SiO,(II).

Then, performing AR-XPS by varying the photoelectron
takeoff angle 0 (Figure la), it was possible to evaluate the
thickness of each layer composing our devices (Tables 1 and 2),
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following the method described in ref 13. Details of the data
analysis approach are also provided in the Supporting
Information (Figure S2 and related comments). Based on
this analysis, the four peaks have been ascribed to (i) bulk
silicon (BE = 99.1 eV), (ii) nonstoichiometric silicon oxide
(Si0,(1)) (BE = 99.7 €V), which grows as a very thin layer on
Si that eventually turns into SiO, during silicon oxidation
process,zz_25 (iii) stoichiometric SiO, (BE = 102.9 eV), and
(iv) nonstoichiometric silicon oxide (SiO,(II)) (BE = 101.3
eV), which lies between SiO, and the CNT layer, where oxygen
atoms are likely shared between SiO, and the CNT bundles.
The energetic preference for the CNT to bind on particular
sites of an O-terminated SiO, surface has been predicted by M.
Zubaer Hossain,?® indicating a significant interaction between
oxygen from the SiO, layer with CNT.

The model stack of layers considered in the present study is
depicted in Figure 1c.

After these characterizations, both samples were etched with
HF vapors for 20 s to remove all silicon oxides, as confirmed by
XPS analysis (Figure 2, black diamonds). Incidentally, we point
out that our HF treatments have a different purpose as
compared to those previously carried out by Li et al.'* In that
case, the etching was mainly addressed to remove oxygen from
the tube walls and therefore to n-dope the CNTs, which in
general are naturally p-doped in air due to O, adsorption.
Therefore, a 5 min exposure in a vapor phase etcher was
required to achieve n-doping. Then, samples had to be stored
and analyzed into a nitrogen-filled glovebox to prevent
nanotubes from coming into contact with oxygen, which
would have p-doped the tubes again. On the other hand, our
devices are based on p-doped CNTs so acid exposure and all
measurements can be performed in air and a milder HF etching
of 20 s is sufficient to remove silicon oxides without affecting
the CNT doping.

Even if samples were stored in the UHV analysis chamber
just after the HF etching and the collection of the J—V curve,
the time elapsed before reaching high vacuum conditions was
enough to have the samples exposed to air and trigger the
silicon oxidation. Indeed this process is known to be quite fast*>
and even just few minutes after etching the effects of oxidation
are detectable, in the present case as a small shoulder on the
high BE side of the Si 2p core level. As a result, even after the
oxides removal, a small quantity of SiO,(I) is detected (Figure
2a and c). After the XPS analysis of the HF etched samples, the
devices were exposed to air and the effects of oxidation were
tracked through the J—V curves. The J—V curves in Figure 2b
and d clearly highlight poor cell performances also in device
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Figure 3. Si 2p X.-ray photoemission spectra measured for sample B (a) and J—V characteristic curves measured for sample A (b) at different
conditions determined by the PV cell treatment: (1) pink filled circles, pristine samples; (2) black filled diamonds, after HF etching; (3) blue filled
triangles, optimal oxidation; (4) red filled squares, after exposure to HNO, vapors; (4b) orange filled squares, at the optimal oxidation state after
exposure to HNO;; (S) green empty squares, after soaking samples with HNO; drop; (Sb) purple empty diamonds, after the HNO; drop drying.

without oxides (data collected immediately after the HF
etching), but just after 2 h of oxidation in ambient air the
efficiency starts to grow, following a rate (Supporting
Information, Figures S3 and S4) very similar to the silicon
oxidation rate at room temperature detected for silicon wafers,
which is known to be quite fast in the first hours and then
displaying a logarithmic-like growth rate).”> Selected J—V
curves during the oxidation are shown in Figure 2b and d (thin
lines), while the complete tracking of V¢, Jso, and 7 as a
function of the oxidation time is shown in the Supporting
Information (Figures S3 and $4).

About 1 week after HF etching (170 h), sample A and B
reached their highest efficiency (1.01% and 2.30%, respec-
tively), which is also assumed as the moment when the device
has reached an optimal oxidation state (blue triangle in Figure
2). Through the AR-XPS analysis, we have been able for the
first time to provide an estimation of the thickness of the silicon
oxide layer yielding the best cell performances, as reported in
Tables 1 and 2.

At this stage two conclusions can be drawn. If we focus on
the paths that lead sample A and B to their optimal oxidation
states starting from the HF etching, which is assumed as the
reference starting point, in both samples, an approximately 4-
fold enhancement of the overall oxide layer thickness [SiO,(II)
+ SiO, + Si0,(1)/Si0,(I)] is observed.

Furthermore, even if the buried oxide layer thickness is
comparable in the pristine and optimally oxidized samples, the
chemical state of Si shows a clear change, as after optimal
oxidation an increase of SiO, and a reduction of SiO, is
registered. On the other hand the lack of oxide (Figure 2, black
diamonds) is detrimental to the performances of both cells,
testifying an overall similar behavior.

These results induce to consider the oxide buried interface
acting as a passivating/inversion layer in a MIS device. Oxides
improve the cell performances by, on one side, avoiding
trapping at silicon interface state and, on the other side, by
reducing e—h pair recombination (see, e.g,, ref 19 and refs.
therein). This happens provided that silicon oxide thickness is
kept below an optimal value, to prevent the detrimental effect
of a large barrier to charge separation after the e—h pair is
created and to the hole photocurrent flow toward the CNT
film.

Referring to the Si—CNT hybrid cells, in principle, it should
be easy to distinguish the two different junction models (i.e.,
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p—n junction vs MIS). If the efficiency grows when silicon
oxides are completely removed by HF, the device can be
modeled by a p—n junction, while if the device works better
with a thin layer of Si oxides, the most suitable model is the
MIS stack of layers. In literature, however, the role of the oxide
layer in CNT/Si PV devices is an open matter of
dispute, 5113192728 ywhere the morphology of the CNT
layer can play a relevant role. Evidence of devices working
better with a thin layer of oxides (like MIS heterojunctions) are
provided in the case of randomly aligned CNTs.”®"® In fact, a
perfect junction with silicon is hindered by the morphology of
the CNT bundles, where only a few number of CNTs is
effectively in contact with the crystalline silicon underneath.
When the amorphous silicon oxide grows, a higher number of
heterojunctions is built up and the device efficiency improves.

Finally, we noticed that J—V curves yielded the same results
when measured after up to five HF etchings (20 s each), at
least. Additional etches in some cases led to the degradation of
the electrical contacts removing the SiO, insulating layer under
the electrical contacts and yielding shorts between the
electrodes and the n-type Si wafer. In addition, the XPS data
were comparable both in terms of successful SiO, removal and
in terms of the Na content, that was not affected by HF etching
(while being affected by HNO; exposure, as shown in the next
Subsection).

Effects of Exposure to HNO;. As mentioned in the
introductory remarks, HNOj; exposure is also often regarded as
a tool to induce silicon oxidation but it may also lead to further
p-doping of the CNT layer. To understand what ultimately
affects cell performances, it is mandatory to discriminate these
two effects separately, using AR-XPS measurements, performed
in UHV, to monitor silicon oxidation, and Raman spectroscopy,
and J—V characteristics, all performed in air, to highlight the
eventual CNT doping. Since our two samples display a similar
qualitative behavior, we resorted to analyze them separately,
putting sample B in the UHV analysis chamber immediately
after every acid treatment, to preserve it as much as possible
from unwanted silicon oxidation occurring immediately after Si
HEF etching, and using sample A for the J—V measurements
performed in air.

Starting from the optimally oxidized samples, we restored a
common initial condition by removing all oxides with HF
(curves almost identical to those shown in Figure 2, black
diamonds).

DOI: 10.1021/am508973b
ACS Appl. Mater. Interfaces 2015, 7, 9436—9444


http://dx.doi.org/10.1021/am508973b

ACS Applied Materials & Interfaces

Research Article

Then, both samples were exposed to HNOj; vapors at room
temperature for 90 s, following the indications of ref 7. The
effects of nitric acid exposure were monitored through AR-XPS
analysis on sample B (Figure 3a) and through the J-V
characteristics on sample A (Figure 3b).

Efficiencies and FFs for sample A are reported in Table 3,
while the silicon oxides thicknesses for sample B are listed in

interpreted as an effect of the huge amount of silicon oxides,
detrimental for the device operation, originated by the strong
oxidizing properties of the HNO; drop as shown in Figure 3a
(green empty squares, curve S), which was previously
dominated by the favorable lensing effect.

The conclusion we draw on this set of data is summarized in
Figure 4 where a correlation between efficiency and oxide

Table 3. 57 and FF of HNO; Treatments of sample A

H (%) FF (%)
HNO; vapors 0.197 20.52
optimal oxidation 1.163 34.29
HNO, liquid 2.866 41.69
after acid drying 0.651 22.99

Table 4. Thicknesses of Sample B Layers after HNO;
Treatments”

CNT  sio(I) $i0, S0, total

(nm) nm nm) (nm (nm)

HNO; 3141 0.29 0.83 0.52 1.64
vapors

HNO; liquid 3141 0.79 1.54 1.18 3.51

“Thickness values in silicon oxide layers are given with a +0.05 nm
error.

Table 4. Immediately after the exposure to HNOj;, the device
displays a slight increase of the efficiency (Table 3 and Figure
3b, curve 4 vs 2) but the oxidation state corresponding to the
maximum 7 is reached only after leaving the device in air for 3
days (Table 3 and Figure 3, orange squares, curve 4b). As
clearly shown by the Si 2p spectrum (curve 4, Figure 3a) and in
the results of the AR-XPS analysis (Table 4), this indicates that
the silicon oxidation immediately after HNO; exposure (curve
4, Figure 3a) is not sufficient to yield the optimal oxidation
state. After oxidation in air (curve 4b, Figure 3b), the maximum
n is now slightly higher than the one reached without HNO;
exposure (curve 3, triangles, in Figure 3b), giving a first
suggestion of possible CNT doping.

Since, at the present experimental conditions (T = 20 °C,
exposure time 90 s, acid dilution 65%) only a low number of
HNO; molecules effectively come into contact with CNT and
Si, the nitric acid effects should be enhanced either by longer
exposures or by directly wetting the devices with liquid HNO5.
We resorted to follow the second strategy: both samples were
etched again with HF and immediately after etching a single
drop of diluted HNO, (65% RPE-ISO, Carlo Erba Reagents)
was placed on the top of the CNT film.

The result of this last treatment (HNO; soaking) is a
remarkable increase of the efficiency to 2.87%, two and a half
times greater than the best value of 1.16% recorded with HNO;
vapors (green empty squares in Figure 3, curve 5). However, as
the HNO, solution drop dries, 2 h after the treatment, the cell
performances are found to worsen considerably (purple empty
diamonds in Figure 3b, curve Sb), indicating that the initial
jump of the efficiency is not only attributable to CNT p-doping
alone but it can also be due (i) to a lensing effect by the acid
droplet that focuses light on CNT surface,”® and (i) to a
formation of a temporary electrochemical cell between CNT
and Si in the HNO; solution."® The rapid efficiency decrease
from 2.87% to 0.65% recorded after the acid drying can be
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thickness is shown. The efficiency is measured on sample A,
and not on sample B but in the two stages where the efficiency
of both layers (1, and #;) was available the values measured for
sample B were about 3 times the corresponding values for
sample A (17p/1, = 0.295/0.107 after the first HF etching, 775/,
= 1.55/0.49 three months after the latest HNO, treatment).

The effects of HNO; on the photovoltaic device are also
evident in the XPS survey spectra, normalized to the C 1s
intensity (Figure Sa). In particular, before acid treatments, the
percentage of oxygen present in the sample was 3.65%, which is
almost doubled to 6.84% after exposure to HNO; vapors, and
became five times higher after the soaking with HNOj; drop,
that is, 16.34% of the total probed area, indicating a clear
oxidation induced by nitric acid. Furthermore, in all survey
spectra, the Na 1s peak (as well as the Na Auger emission)
ascribed to sodium dodecyl sulfate (SDS), the surfactant used
to disperse the CNTs, resulted to be quenched by HNO,,
indicating a possible effect of surfactant removal.

Another interesting consequence of HNO; vapor exposure is
the shift of the C 1s peak to lower BE (inset of Figure Sb). This
shift, not observed after HF etching, is a clear indicator of a
Fermi level shift due to a hole doping of nanotubes. In the case
of the HNOj; drop, the C 1s peak shifts to low BE but also
changes its shape in the high BE region, indicating an increasin§
amount of oxygen bonded with the CNT carbon atoms.”
These effects are more evident for the sample treated with
liquid HNO;, both because of the higher acid concentration
and because HNO; in solution spends more time in contact
with CNTs before evaporation, with respect to the gas phase.
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Figure 6. Raman spectra of D- and G-band of pristine (pink continuous line) sample A (left panel) and B (right panel), after HF (black dotted line),
after HNO, vapors (red dashed curves), after HNO; drop (green dash-dotted line) and after one month from the acid treatments (blue dotted
curve). The effect of HNO; doping is to shift the G* band toward higher Raman shifts as shown in the insets.

To unambiguously prove the CNTs doping effect, we also
collected Raman spectroscopy and optical absorption data. In
particular, Raman spectroscopy is suitable to study fundamental
tube properties, such as chirality, purity and defects.®® In
particular, in the presence of hole doping, the G*-band of
semiconducting SWCNT was found to move about 1 cm™
toward higher wavenumbers.>' As shown in Figure 6 (left
panel, sample A; right panel, sample B), while HF etching does
not change the G*-band position (1590.5 cm™), both gaseous
and liquid HNO, exposures yield G* shifts of 0.9 and 1.8 cm™,
respectively. This hole doping process is not completely
reversible, because, even after a month in ambient air, sample B
still presents a shift in the top of the G-band at 1591.4 cm™,
which is less than the doped one (1592.3 cm™) but still far
from the undoped value of 1590.5 cm™, as shown in Figure 6
(right panel). However, the CNT doping still observed 1
month after the HNO; exposure is not able to balance the
detrimental effect on the cell efficiency of the thick oxide layer
growth induced by the HNOj; drop.

Optical spectroscopy data show, as expected,®” a quenching
of the S11 and S22 bands upon HNO; exposure (Supporting
Information, Figure S5). These findings are also consistent with
a decrease in the sheet resistance observed after HNO;
exposure. Indeed, starting from a base resistance of 10674 +
12 ohm, the sheet resistance drops to 2470 + 4 ohm after 10 s
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exposure and to 1834 + 7 ohm with an additional 10 s
exposure.

B CONCLUSION

In conclusion, a spectroscopic investigation of the hybrid
CNT-Si heterojunctions has been carried out with the aim to
find a correlation between the physical and chemical properties
of a buried oxide interface and the device performances. To this
purpose, J=V tracking curves after each treatment were
collected, to be matched with spectroscopic data from AR-
XPS and Raman probes. We have unambiguously demonstrated
that, while a relatively mild HF etching does not change the
CNT film properties, acting only as silicon oxides etcher,
HNO; has the effect of both doping nanotubes and oxidizing
the silicon underneath. This finding addresses a long-standing
question on the CNT—Si hybrid junctions, probing the role of
the complex silicon oxide interface to tailor the PV cell
performances and discriminating the effects of oxidation and p-
doping which occur upon exposure to HNO;. While a further
p-doping of CNT is suitable for reaching higher efliciency,
HNO; (especially in its liquid form) has to be used carefully
because its strong oxidizing effect is detrimental to the cell
performances, as it may yield a thickness of the oxide layer
above the value (1.5—2.0 nm) recorded for the best
performances.
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HEF etching was used to remove Si oxide from the buried
interface. This helped us establish a common starting point
before carrying out any of the treatments considered in the
present study. The buildup of an interface Si oxide layer is
required to increase the efficiency. This is assumed as a strong
indication that the junction can be described with a MIS model
rather than a p—n junction. HF treatment was not strong
enough to n-dope the CNTs, as no change in the Raman and
XPS spectra was observed upon HF exposure. HF etching did
not affect the Na content of the CNT layer, unlike HNOj that
was also able to etch Na away from the bundle layer.

The present results indicate that the SiO, buried interface
can be regarded as a passivating and inversion layer, which
improves the cell performances by hindering the e—h pair
recombination. Though these effects of the SiO, interface in
hybrid CNT—Si PV cells may have been unintentional in the
original cell design, the thickness correlation with efficiency
here demonstrated can provide a useful perspective in further
device engineering.
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