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ABSTRACT: The classical SiO,/Si interface, which is the
basis of integrated circuit technology, is prepared by
thermal oxidation followed by high temperature (>800
°C) annealing. Here we show that an interface synthesized
between titanium dioxide (TiO,) and hydrogen-termi-
nated silicon (H:Si) is a highly efficient solar cell
heterojunction that can be prepared under typical
laboratory conditions from a simple organometallic
precursor. A thin film of TiO, is grown on the surface of
H:Si through a sequence of vapor deposition of titanium
tetra(tert-butoxide) (1) and heating to 100 °C. The TiO,
film serves as a hole-blocking layer in a TiO,/Si
heterojunction solar cell. Further heating to 250 °C and
then treating with a dilute solution of 1 yields a hole
surface recombination velocity of 16 cm/s, which is
comparable to the best values reported for the classical
SiO,/Si interface. The outstanding performance of this
heterojunction is attributed to Si—O—Ti bonding at the
TiO,/Si interface, which was probed by angle-resolved X-
ray photoelectron spectroscopy. Attenuated total reflec-
tance Fourier transform infrared spectroscopy (ATR-
FTIR) showed that Si—H bonds remain even after
annealing at 250 °C. The ease and scalability of the
synthetic route employed and the quality of the interface it
provides suggest that this surface chemistry has the
potential to enable fundamentally new, efficient silicon
solar cell devices.

hin layers of titanium dioxide, a stable, low cost, wide band

gap material of interest for TiO,/Si heterojunction solar
cells,' ™ are typically grown by atomic layer deposition (ALD),
chemical vapor deposition (CVD), or sol—gel type processes.””
We recently reported that thin layers of TiO, can be grown on
hydrogen terminated silicon (H:Si) and can enable an efficient
TiO,/Si heterojunction based solar cell.'”™"* In particular, we
showed'®™ "3 that this coating, when used in conjunction with an
electron blocking PEDOT-terminated anode, eftectively blocked
minority carrier holes in the silicon from recombining at the
cathode contact. We found that the TiO, layer reduced dark
current, increased open circuit voltage (Voe), increased quantum
efficiency at longer wavelengths, increased stored minority
carrier charge under forward bias, and yielded excellent hole
lifetimes. Whether speciation at the Si/TiO, interface affected
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device performance, in particular with regard to hole-blocking,
was thus of fundamental importance, which could best be
addressed through careful interfacial chemical analysis.

Our solar cells had been constructed on hydrogen-passivated
(100)-oriented silicon wafer surfaces that were prepared with
minimal exposure to air. The TiO, layer was synthesized
(Scheme 1) by vapor phase deposition of titanium tetra(tert-
butoxide) (1) onto the externally cooled substrate at 107> Torr;
it was then heated to 100 °C, briefly exposed to air at room
temperature, and then used (as 2) for device fabrication. To
understand at the molecular level the role played by the TiO,/
H:Siinterface in our devices, we examined speciation for 2 and its
thermal evolution products 3 and 4 by angle-resolved X-ray
photoelectron spectroscopy (XPS). Our efforts might have been
compromised, however, by the possible formation of silicon
oxide (SiO,) formed during the brief periods of air exposure
attendant to our procedures. To obviate SiO, in order to
unambiguously identify interfacial speciation, we repeated our
synthesis procedures, but with rigorous exclusion of air.

In a typical “no air” experiment Si(100) wafers were cleaned by
standard methods'* and then dipped in a 20:1 deionized water:
48—50% aqueous hydrofluoric acid solution for 45 s to give
hydrogen terminated silicon (H:Si). The substrate was rinsed
with Milli-Q water, dried, and placed in a glass tube that was
connected to both a reservoir of the titanium tetra(tert-butoxide)
(1) precursor of TiO, and to vacuum; it was then externally
cooled to —10 °C and exposed to vapor of 1 (Scheme 1) for 10
min at 107 Torr."® The substrate was next heated at 100 °C for
10 min to form TiO,/H:Si (2) and was then cooled to room
temperature. The TiO,-coated substrate was then transferred in
the sealed deposition chamber into a nitrogen atmosphere
glovebox from which it was transferred into the antechamber of
the XPS spectrometer via a “vacuum suitcase” that precludes air
intrusion. A second sample was heated in the glovebox to 250 °C
on a hot plate (to give 3) and was subsequently transferred into
the antechamber, also via the “suitcase.” XPS analysis of 2
showed the binding energy for Ti(2p) (Figure 1b) to be typical
of Ti(IV), with no discernible signal for any lower valent Ti
species; essentially no peak for Si—O was seen in the angle-
resolved Si(2p) XP spectrum (Figure 1a), though the C(1s)
spectrum showed some tert-butoxy groups are still present
(Supporting Information Figure 1). We suggest that the TiO, is
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“No structure for “Si—H” is implied. Titanium tetra(tert-butoxide), 1, is deposited on a cooled (—10 °C) sample of H-terminated Si and then heated

at 100 °C to give 2. Preparing 3 from 2 in the absence of air obviates

formation of SiO, and enables identification of Si—O—Ti interfacial species.
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Figure 1. Angle-resolved XP spectra taken at 70° from surface normal
(a) Si(2p) for 2; (b) Ti(2p) for 2; (c) Si(2p) for 3; (d) Si(2p) for 2
exposed to air for 30 min and then heated to 250 °C. The y-axis scale
represents arbitrary counts.

formed by stepwise dehydration at 100 °C in which tert-butoxy
groups thermolyze to 2-methyl-1-propene with concomitant
formation of Ti—OH groups; these condense with elimination of
water to give the Ti—O—Ti moieties of 2 (Scheme 2).

Heating 2 to 250 °C may further cross-link the TiO, to give 3;
2 exfoliates in water, but 3 does not.'® XPS analysis of 3 showed
no change in the Ti(2p) spectrum, but a new signal appeared for
Si(2p) (Figure 1c). Since 3 had never been exposed to air, this
new peak must derive from reaction between a surface Si species

and the TiO, overlayer. Angle-resolved XPS showed that this
new species is surface-located; the depth of this Si—O layer is 2—
3 A''® (Supporting Information Figure 2). Its binding energy,
BE = 102.0 eV, is lower than that for SiO, (BE = 102.7—103.0
eV). We assign it to a new interfacial species, Si—O—Ti;*"? this
lower BE assignment is consistent with the lower electro-
negativity of Ti vs Si. This same Si(2p) spectrum was recorded
for 2, which was stored under inert atmosphere for 2 days to give
4 (Supporting Information Figure 3). As a control, H:Si was
heated at 250 °C for S min in the absence of air; no Si—O species
were observed in the XPS (Supporting Information Figures 4 and
S).

All Ti and Si peak positions and intensities in XP spectra of 3
remained unchanged after 18 h of ambient exposure. In contrast,
when 2 was exposed to air for only 30 min prior to heating at 250
°C, Si(2p) XPS showed a broad peak, which could be
deconvolved into a component assigned to Si—O—Ti and a
second one to SiO, (Figure 1d) consistent with some Si—H
oxidation.

We propose that Si—O—Ti formation under anaerobic
conditions involves o-bond metathesis between surface Si—H
and Ti—0"*" groups of the TiO, overlayer, which yields a Ti—H
species (intermediate 2a); such ligand exchange is well-
established for the titanium alkoxide-activated reduction of
organics using polymeric hydrosiloxanes.”’ Further H—Ti/O—
Ti o-bond metathesis (to 2b), thermal decomposition of tert-
butoxy ligands to Ti—OH and 2-methyl-1-propene (2c), and
finally Ti—OH protonolysis of the (2-methylpropyl)titanium
resulting from p-hydride addition®” (2d) gives the observed
products (Scheme 2).

ATR-FTIR further probed the effect of TiO, film formation on
the Si—H surface: Differential absorption spectra of the starting
Si—H surface (Figure 2,i) and 3 before (Figure 2,ii) and after 18 h
of ambient exposure (Figure 2,iii) were referenced to a clean,
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“Proposed formation of Si—O—Ti in the absence of air by a sequence of (a) Si—H/Ti-O 6-bond metathesis, (b) H—Ti/O-Ti 6-bond metathesis, (c)
tert-butoxy ligand fragmentation, and (d) f-hydride addition and protonolysis by a neighboring Ti—OH moiety.
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Figure 2. Attenuated total reflectance-FTIR absorption spectra of (i) an
H-terminated Si(100) surface; (i) 3, with no air exposure; and (iii) 3,
after 18 h air exposure. All spectra were referenced to a clean, chemically
grown oxide on Si(100). The area of the SiHx peaks were integrated
over the region from 2040 to 2165 cm™". Spectra ii and iii are magnified
X4 for clarity.

chemically oxidized surface. About 25% of initial Si—H was found
to remain by comparison of peak areas for the SiH, region
(2050—2150 cm™?) after TiO, deposition.”* A small shoulder at
ca. 2260 cm ™" appears and is assigned to the stretching mode of
Si—H where oxygen is “back-bonded” to Si;** this shoulder grew
with exposure to air. The persistence of Si—H bonds in 3 can be
understood by comparing the areal density of Si atoms in the
Si(100) plane (ca. 7 X 10" Si atoms/cm?) compared to that of Ti
atoms in a model (rutile) TiO,(111) plane (ca. 5 X 10" Ti
atoms/ cmz). Thus, the Tiin 3 can bond to only about 70% of the
Si atoms by this analysis, leaving about 30% of the original Si—H
bonds unreacted (Scheme 1), approximating our experimental
result. The TiO, film of 3 acts somewhat as a protective layer,
slowing air oxidation of residual Si—H bonds, consistent with
XPS observations.

The purpose of TiO, films that are grown on n-type Siin a
device is to let electrons pass and to reflect photoexcited holes in
order to raise the photovoltage of solar cells.'”™"* The maximum
photovoltage is generated when all holes that impact a TiO,/n-Si
interface reflect from it without interacting. At nonideal
interfaces some holes do get trapped in interface defect states
and then recombine with electrons; the rate of this
recombination rises with the areal density of interfacial electronic
defects, which are associated with incomplete bonding across the
interface. The effective lifetime (7.4) of holes is reciprocal to the
surface recombination velocity (SRV): the lower the SRV, the
longer the effective hole lifetime. The 7 4 for 2 was measured by
the quasi-steady state photoconductance decay (QSSPCD)
method™ to be poor, with SRV > 1000 cm/s.”° In marked
contrast, 7, for 4 was measured to yield an SRV as low (good) as
50 cm/s,” comparable to lifetimes reported for TiO,/Si
heterojunctions made by low temperature atomic layer
deposition (ALD) or sol—gel type processes.”’~>” The 7,4 for
3 also yielded a good SRV (ca. 50 cm/s).”® The excellent diode
characteristics (Figure 3) demonstrate the effectiveness of the
hole barrier without excessive recombination; omitting the TiO,
layer resulted in high current in both directions. In short, the hole
effective lifetime depends critically on the chemical nature of the
TiO,/Si interface: In the absence of Si—O—Ti bonding (2), 7.¢is
unfavorably short; when Si—O—Ti bonding is present at the
interface (3 and 4), 7.4 can be improved significantly.
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Figure 3. Diode characteristics of 3 equipped with 150 nm Al electrodes
on the TiO, and Ag electrodes on the p-type substrate. Voltage was
applied to the TiO, terminal with the substrate grounded.

It is interesting that when 3 was treated with 0.3 mL of 1 in 10
mL of ethanol under inert atmosphere and then exposed to
ambient conditions, a strongly passivating interface resulted; the
SRV decreased to 16 cm/s, which is comparable to the best
reported ones for SiO,/Si interfaces that are prepared by the
classical thermal oxidation process used for silicon integrated
circuits.””*" The thickness of the TiO, (ca. 6 nm) did not
increase measurably by ellipsometry, and angle-resolved XPS
showed that the Ti:Si ratio, which was about 0.3 before the “dip,”
increased to about 0.55. AFM showed that the TiO, layers before
and after such treatment remained conformal with the substrate,
and roughness of the TiO, layer remained essentially constant
(Figure 4).

4.0 nm

Figure 4. AFM sections (1 ygm X 1 um) of 2 (left [0.43 nm]), 4 (center
[0.39 nm]), and 4 treated with Ti tetra(tert-butoxide) (right [0.62 nm]);
rms roughness is shown for each in square brackets, [ ].

We have shown that a TiO,/Si interface that comprises Si—
O—-Ti bonding is of high electronic quality and can be prepared
at surprisingly low temperatures compared to the standards of
classical silicon technology. This interface has an extremely low
density of electronically active defects, as shown by our
measurements of effective lifetimes of holes, which makes it
comparable to the highest quality SiO,/Si interfaces that are
typically prepared at high temperatures for use in integrated
circuits or high efficiency solar cells. Given the ease and scalability
of our synthetic route and the quality of the interface we prepare,
our surface chemistry has the potential to enable fundamentally
new, efficient silicon solar cell devices.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021 /jacs.5b09750.

Five sets of XPS data (PDF)

B AUTHOR INFORMATION
Corresponding Author
*jschwart@princeton.edu

DOI: 10.1021/jacs.5b09750
J. Am. Chem. Soc. 2015, 137, 1484214845


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.5b09750
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b09750/suppl_file/ja5b09750_si_001.pdf
mailto:jschwart@princeton.edu
http://dx.doi.org/10.1021/jacs.5b09750

Journal of the American Chemical Society

Communication

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The Princeton authors thank the United States Department of
Energy Sunshot Program (DE-EE0005315), the National
Science Foundation Princeton MRSEC (DMR-0819860), the
Princeton Institute for the Science and Technology of Materials,
and the Princeton Andlinger Center for Energy and Environ-
ment for support of this research. The UT Dallas authors also
thank the National Science Foundation (CHE-1300180) for
support of FT-IR characterization studies.

B REFERENCES

(1) Hwang, Y. J.; Boukai, A.; Yang, P. Nano Lett. 2009, 9, 410.

(2) Niu, M.; Cheng, D.; Cao, D. Sci. Rep. 2014, 4, 4810.

(3) Mei, B,; Pedersen, T.; Malacrida, P.; Bae, D.; Frydendal, R;
Hansen, O.; Vesborg, P. C. K; Seger, B.; Chorkendorff, L. J. Phys. Chem.
C 2015, 119, 150109.

(4) Chen, Y. W,; Prange, J. D.; Diihnen, S.; Park, Y,; Gunji, M,;
Chidsey, C. E. D.; McIntyre, P. C. Nat. Mater. 2011, 10, 539.

(5) Bernal Ramos, K; Clavel, G.; Marichy, C.; Cabrera, W.; Pinna, N;
Chabal, Y. J. Chem. Mater. 2013, 25, 1706.

(6) Karlsson, P. G; Richter, J. H.; Andersson, M. P.; Blomquist, J.;
Siegbahn, H.; Uvdal, P.; Sandell, A. Surf. Sci. 2005, 580, 207.

(7) Methaapanon, R;; Bent, S. F. J. Phys. Chem. C 2010, 114, 10498.

(8) Richards, B. S.; Cotter, J. E.; Honsberg, C. B. Appl. Phys. Lett. 2002,
80, 1123.

(9) Tancu, A. T.; Logar, M.; Park, J.; Prinz, F. B. ACS Appl. Mater.
Interfaces 2015, 7, 5134.

(10) Avasthi, S.; McClain, W. E.; Man, G.; Kahn, A,; Schwartz, J.;
Sturm, J. C. Appl. Phys. Lett. 2013, 102, 203901.

(11) Nagamatsu, K. A.; Avasthi, S.; Sahasrabudhe, G.; Man, G.; Jhaveri,
J.; Berg, A. H; Schwartz, J.; Kahn, A.; Wagner, S.; Sturm, J. C. Appl. Phys.
Lett. 20185, 106, 123906.

(12) Jhaveri, J.; Nagamatsu, K. A.; Berg, A. H.; Man, G.; Sahasrabudhe,
G.; Wagner, S.; Schwartz, J; Kahn, A; Sturm, J. C. In IEEE 42nd
Photovoltaic Specialist Conference (PVSC), New Orleans, LA, 2015.

(13) Avasthi, S.; Nagamatsu, K. A.; Jhaveri, J.; McClain, W. E.; Man, G ;
Kahn, A.; Schwartz, J.; Wagner, S.; Sturm, J. C. In IEEE 40th Photovoltaic
Specialist Conference (PVSC), Denver, CO, 2014; p 0949.

(14) Kern, W. J. Electrochem. Soc. 1990, 137, 1887.

(15) Dennes, T. J.; Schwartz, J. ACS Appl. Mater. Interfaces 2009, 1,
2119.

(16) Karlsson, P. G.; Richter, J. H.; Andersson, M. P.; Johansson, M. K.
J.; Blomquist, J.; Uvdal, P.; Sandell, A. Surf. Sci. 2011, 605, 1147.

(17) Oswald, S. Surf. Interface Anal. 2010, 42, 1289.

(18) Shirdliff, R. A.; Stradins, P.; Moutinho, H.; Fennell, J.; Ghirardi, M.
L.; Cowley, S. W.; Branz, H. M.; Martin, I. T. Langmuir 2013, 29, 4057.

(19) Fulton, C. C.; Lucovsky, G.; Nemanich, R.]. J. Vac. Sci. Technol,, B:
Microelectron. Process. Phenom. 2002, 20, 1726.

(20) Lawrence, N. J.; Drew, M. D.; Bushell, S. M. J. Chem. Soc., Perkin
Trans. 1 1999, 1, 3381.

(21) Reding, M. T.; Buchwald, S. L. J. Org. Chem. 1995, 60, 7884.

(22) Burgess, K; van der Donk, W. A. J. Am. Chem. Soc. 1994, 116,
6561.

(23) Chabal, Y. J. J. Vac. Sci. Technol,, A 1989, 7, 2104.

(24) Han, S. M; Aydil, E. S. J. Vac. Sci. Technol, A 1996, 14, 2062.

(25) Sinton, R. A.; Cuevas, A. Appl. Phys. Lett. 1996, 69, 2510.

(26) Jhaveri, J.; Avasthi, S.; Nagamatsu, K. A.; Sturm, J. C. In IEEE 40th
Photovoltaic Specialist Conference (PVSC) Denver, CO, 2014; p 1528.

(27) Barbé, J.; Thomson, A. F.; Wang, E.-C.; McIntosh, K.; Catchpole,
K. Prog. Photovoltaics 2012, 20, 143.

(28) Ing-Song, Y.; Chang, I. H.; Hsyi-En, C.; Yung-Sheng, L. In Record
of 40th Photovoltaic Specialist Conference (PVSC), IEEE, 2014; p 1271.

(29) Liao, B.; Hoex, B.; Aberle, A. G.; Chi, D.; Bhatia, C. S. Appl. Phys.
Lett. 2014, 104, 253903.

14845

(30) Grant, N. E.; McIntosh, K. R. IEEE Electron Device Lett. 2009, 30,

922.

(31) Aberle, A. G.; Lauinger, T.; Schmidt, J.; Hezel, R. Appl. Phys. Lett.

1995, 66, 2828.

DOI: 10.1021/jacs.5b09750
J. Am. Chem. Soc. 2015, 137, 1484214845


http://dx.doi.org/10.1021/jacs.5b09750

