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Abstract—Carrier-selective contacts provide an exciting av-
enue for developing high-efficiency, low-cost silicon photovoltaics
(PV). However, evaluating and understanding the different cur-
rent mechanisms across a carrier-selective contact is difficult as
the current measured represents the sum of both electron and
hole current components. In this paper, we develop a heterojunc-
tion bipolar transistor (HBT) structure with the electron-selective
p-type Si/titanium dioxide(TiO)/Al contact as the base—emitter
junction, which enables one to separately measure the electron
and hole currents across the selective contact. An HBT with a cur-
rent gain as large as ~220 is achieved. The method is then used
to evaluate the current mechanisms across a p-Si/TiO,/Al hetero-
junction PV cell, where the TiO,/p-Si replaces the n* -p junction.
We determine that there is an optimal TiO, thickness of 4.1 nm for
CVD-deposited TiO,; and at the optimal thickness, the hole cur-
rent is 8% of the total current, thus demonstrating that TiO,/Si is
indeed a hole-blocking electron-selective contact. The hole current
ratio is corroborated with reverse-recovery experiments, confirm-
ing the validity of the HBT method.

Index Terms—Heterojunction, heterojunction bipolar transistor
(HBT), photovoltaics, selective contact, silicon, titanium dioxide.

I. INTRODUCTION

ETEROJUNCTION carrier-selective contacts, utilized
H to replace either p-n or n-n" junctions, are of
high interest for silicon photovoltaics [1]. Recently, mate-
rials such as amorphous silicon [2], [3], poly(3,4-ethylene-
dioxythiophene):polystyrenesulfonate [4], titanium oxide
(TiO9) [5]-[8], nickel oxide [9], and molybdenum oxide [10]
have been investigated for selective contact purposes on sili-
con. Carrier-selective contacts work by blocking one type of
carrier in one direction while allowing the other carrier to pass
through (thus selecting one carrier). As such, quantifying the
electron and hole current components separately across a ter-
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minal could be important to optimize selective contacts. Yet
understanding the fundamental performance of such contacts
in photovoltaic devices is difficult, because the device current
at either contact represents the sum of the electron and hole
current at that contact. Thus, determining which current com-
ponent is dominant, and how small the smaller current is, is not
feasible.

In this paper, we introduce a general method using the selec-
tive contact in a heterojunction bipolar transistor (HBT) struc-
ture, which allows the independent and direct measurement of
the electron and hole current components at the selective contact.
This paper focuses on the p-type crystalline Si/ TiOs contact,
but the method is general. We show that in an Al/TiOy/p-type Si
single junction cell with an optimal TiO, thickness of 4.1 nm,
the hole current is 8% of the total current.

This paper is an extended manuscript based on [11]. New
work here includes improved HBT performance as shown by a
higher current gain, the ability to isolate one current component
as low as 8% of the total current, extraction of an optimal thick-
ness of TiO, for selective contact performance, and correlation
between HBT and photovoltaic results.

II. CURRENT PROCESSES AT P-SI/T1I0, HETEROJUNCTIONS

Because of its large band offset compared with silicon
(~2 eV), one can consider using the p-Si/TiO, heterojunc-
tion as an electron- selective contact on p-Si to replace an n-p
junction [5]. This would allow Si-based solar cell fabrication
using a low-temperature (~100 °C) CVD step to replace the
high-temperature phosphorus diffusion process. The high off-
set should ideally block all hole current from the Si toward the
cathode in forward bias, enabling the ideal electron injection
current (process 1 in Fig. 1) to dominate the current across the
junction. However, second-order effects such as recombination
at TiO»/Si interface states (process 2 in Fig. 1) and tunneling
either through the TiO, or to TiO2 defect states (processes 3 in
Fig. 1) would lead to hole current and could negate the blocking
effects of the valence band barrier.

Fig. 2 shows the dark J-V curve of an Al/TiOy/p-Si diode on
a high-lifetime floatzone (FZ) substrate. The TiO, is deposited
using a low-temperature chemical vapor deposition method
(maximum substrate temperature of 100 °C) using titanium tert-
butoxide as the precursor [12]. In addition, shown is the ideal
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Fig. 1. (a) Device structure and (b) fundamental dark current mechanisms
under forward bias (V), with arrows indicating directions of electron and hole
flow at a p-Si/TiO2/Al selective contact [8]. Process 1 is the ideal electron in-
jection current, process 2 is recombination at the Si/TiO» interface, and process
3 is hole current through the TiOs through either tunneling or defect states.
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Fig. 2. Measured J-V characteristics of FZ p-Si/TiO2/Si (red) and modeled
ideal J-V characteristics for injected electron current (blue). TiOy thickness is
4 nm. Positive voltage is on the substrate back contact.

injected electron current of electrons (Jeiec,inj), calculated from

2 ] ,
‘ﬁ;?{; (e% - 1) = oo * (e% _ 1) (1)
where n; is the intrinsic carrier density, D),, is the diffusion
coefficient for electrons in p-Si, N4 is the doping of the p-Si
substrate, V is the applied voltage across the TiOy/p-Si junction
(negative on Al/TiO- and positive on Si), and W is the thick-
ness of the substrate. The wafer thickness for these diodes was
1000 pm.

We neglect recombination in the substrate bulk because of the
high lifetime. With 4 nm 250°C N;-annealed TiO» deposited on
both sides, an effective lifetime of 740 us was measured using
the quasi-steady-state photoconductance decay method. Inde-
pendent experiments show that our lowest interface recombina-
tion at the p-Si/TiO; interface is ~50 cm/s, implying a lower
bound for the bulk lifetime in the substrate of 2.8 ms. The tran-
sit time for an electron to cross the 1-mm base, W2/ 2D, is
~0.15 ms. Thus a “short base model” for electron current is
appropriate. The modeled injected electron current, which de-
pends on the substrate doping level, is similar to the measured
total current. Thus, the hole current, which is the difference be-
tween these two, is small. The goal of this paper is to directly
measure this hole current.

Jclcc,inj =

III. TIO5/P-S1/N-S1 HETEROJUNCTION BIPOLAR TRANSISTOR

Consider an HBT where the n™ emitter of a conventional
n™/p/n device [see Fig. 3(a)] is replaced with an Al/TiOs

Fig. 3. (a) n-p-n BJT band diagram and current processes and (b) TiO2/p-n
HBT band diagram and current processes.
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Fig. 4. Cross section of HBT device with n-type Si substrate, p-type Si base,
and Al/TiO, electron-selective contact to the base as the minority carrier emitter.

selective contact [see Fig. 3(b)]. As in the conventional bipo-
lar junction transistor (BJT) device, under forward bias on the
emitter—base and reverse or zero bias on the base—collector, elec-
trons are injected into the p-type base, diffuse across the base,
and are collected to become collector current (I). Hole current
from base to emitter (/) originates from the base contact. The
total current across the emitter—base junction, the emitter cur-
rent (Ig), is the same as the total current across an Al/TiOy/Si
heterojunction device.

Thus, the hole current, representing processes 2 and 3 in
Fig. 1, can be measured as base current /5, independent of the
electron current across the selective contact, assuming negligible
leakage at the base—collector junction. I can also include base
region recombination, an issue that will be addressed later in
the paper. This independent measurement of electron and hole
currents was not possible with the diode device of Fig. 2.

The HBT device was fabricated by starting with an epitaxial
p-type base (doping of 5 x 10'* cm™, width of 6 um) on an n-
type substrate (doping of 3 x 10'® cm™) (see Fig. 4). The area
of the base—collector junction was isolated by mesa etching.
Shadow masks were used to define the areas of the silver base
contact, the TiOy deposition, and the Al emitter contact. The
TiO, was deposited as with the diode using a low-temperature
chemical vapor deposition utilizing titanium tert-butoxide as
the precursor. TiO, thickness was measured by a J.A. Woollam
spectroscopic ellipsometer and the data were fitted to a vendor-
supplied Tauc—Lorentz oscillator model. The emitter area was
0.1 cm x 0.1 cm, and the base area was 0.35 cm x 0.35 cm.
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Fig. 5. Gummel plot of Jo and Jp versus base—emitter bias for the HBT of
Fig. 4, for Vgc = 0. Jg is shown in red, J¢ in blue, and Jp in black.

HBT Gummel plots of Jo and Jp versus Vpy in forward-
active mode (Vgc = 0V) for TiO,y thickness equal to 4.1 nm
are shown in Fig. 5. Before the effects of series resistance,
the collector current has an ideal slope of ideality factor n =
1.0, while the slope of the base current reflects n = 1.12. The
current gain (collector current /base current ratio) is as large
as ~220. As the base current is so small in comparison to
the collector current, the emitter current matches the collector
current for almost the entirety of the plot.

However, our focus here is not to make a practical transistor,
but rather to isolate different current mechanisms. The large
collector current density in Fig. 5 represents electrons injected
from emitter to base and diffusing across the base. A dotted line
is shown modeling this current with the classical equation for
collector current (.J¢), assuming 100% base transport factor

4VpE

— 1) = Jo * (e BT

2 ;
nD 4VBE
— It (e T

T =
¢ T N W

-1) ©
where N, is the base doping (5 x 10'* cm™), and W is the
neutral base width (6 pm). Note that replacing N4 and W with
substrate doping and substrate thickness would give the diode
electron current of (1).

The base current density (Jp ) of the device is far smaller than
Je, and represents the current of holes from the p-type base to
the emitter contact (Si/TiO selective contact mechanisms 2 and
3 in Fig. 1), as well as any possible recombination of electrons
in the base. To see if recombination is significant, Fig. 6 shows
the classic common-emitter curves for the HBT (I versus Vg
for base current steps of 0.1 pA). A current gain of ~50 is seen.
The reduction of I below Vg ~ 0.25V is expected for a low
common-base current gain in the reverse direction ap , caused by
the large base—collector area versus base—emitter area ratio. /¢
rises in reverse bias because of modulation of the base width by
Ve (the Early effect). This rise can have two origins: as the base
narrows (for a fixed V), the collector current rises because of
a higher electron concentration gradient in the base; and if the
base current is dominated by recombination in the neutral base,
reducing the base width will reduce the base current for fixed
VsE. In Fig. 6, in addition to the usual curves of I for fixed
Ip, we add one curve of I for fixed Vg (0.25V). As Veg
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Fig. 6. Common-emitter curve of TiOy HBT.

increases, the neutral base width narrows because of an increase
in the base—collector depletion region, and the resulting steeper
electron gradient causes an increase in I [13]. In the case of
a curve for fixed Vg, as the fractional base width decreases,
I increases by the same fraction. However, what one usually
portrays are curves for fixed /. In this case, Early pointed out
that there is a second effect if the base current is dominated by
recombination in the base. The fractional decrease in the base
width would cause the base current to decrease. Vg must then
increase to raise the electron concentration on the emitter side
of the base by the same base width reduction fraction, to keep
the base current fixed. This further increases /- compared with
the fixed Vg effect.

It follows (See Appendix) that the ratio of the slopes of I
versus Vg for fixed I versus fixed Vg conditions for a given
IC is

rld‘/{ﬁhixcdll? — 14+ IB. recomb
# |ﬁxed VBE I B .
CE

3

From the data of Fig. 6, this ratio of the slopes is determined
to be at most 1.05. From (3), implying at most only 5% of the
base current is because of recombination of electrons in the
neutral base. Thus, we reach the important conclusion that the
base current I represents hole current at the selective contact—
mechanism 2 and 3.

IV. RELEVANCE FOR PHOTOVOLTAIC DEVICES

The diode in Fig. 2 and the HBT in Fig. 5 were fabricated
simultaneously. The total diode current density is given by

qV
Jtotal,diodc = (JpO + JnO.diodo) * (eﬁ - 1) (4)

where J,,0.diode 18 Jo,e in (1). The total HBT emitter current
density is given by

Jeg = (Jpo + JnoHBT) * (e% — 1) 5)

where J),0 g g7 is the collector current saturation density Jo .
in (2). The base current density Jp is given by

Jp = Jyo * (eq?‘?‘i _ 1) . 6)
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Fig. 7. J-V of rectifying selective contact and modeled electron current
of Fig. 2, along with base current of HBT representing hole current at the
p-Si/TiO2 /Al selective contact.

Thus, from (4) to (6), we see that the base current of the
HBT represents the hole current from substrate to the cathode
of the diode device of Fig. 2, specifically recombination at the
p-Si/TiOs interface and/or tunneling either into or through the
TiO. layer (processes 2 and 3 of Fig. 1). To show the utility
of this approach for photovoltaic (PV), in Fig. 7 the HBT Jp
is overlaid on the rectifying selective contact diode current of
Fig. 2. (The roll-off of the HBT Jp above Vgg = 0.5V is
because of excessive lateral base resistance). One can extrap-
olate the exponential region of Jp to relevant voltages for PV
(= 0.6 V). Near V = 0.4V, the HBT base current (hole cur-
rent in the selective contact) is ~12x smaller than the electron
current. Or, in other words, the hole current is 8% of the total
current, thus proving TiO-/Si is an electron-selective contact
and quantifying what the hole current component is. At higher
voltages, utilizing the extrapolated HBT base current (assum-
ing the ideality factor < 0.4 V continues up to 0.6 V) and the
modeled electron injection current, we obtain even better ratios.
For example, at the PV-relevant voltage of 0.6 V, the electron
current component is 70 times larger than the hole current com-
ponent. Thus, considering the structure of Fig. 1 as a PV device,
to reduce dark current to raise Vpc, one either needs to intro-
duce an electron blocking selective contact (or p/p* junction)
at the substrate Ohmic contact, or use higher substrate doping.
If the device of Fig. 2 was therefore improved to reduce the
electron dark current by ~11x, the hole current and electron
dark currents would be comparable. This implies an improved
selective contact to reduce hole current would then be necessary
for substantial further dark current reduction.

To further show the utility of the HBT approach for indepen-
dently measuring hole current in an electron-selective contact,
both HBTs and diodes, as in Fig. 2, were made with differ-
ent TiO, thicknesses (2.8-8.6 nm). Fig. 8(a) shows a HBT Jp
current versus Vg for the different thicknesses. Initially, as
the TiO- thickness increases, the hole current drops. This is to
be expected as tunneling current is reduced (mechanism (3) in
Fig. 1) and/or as surface passivation is improved [7], [14]. For
the diode with TiO, thickness of 3.8 nm, space-charge region
recombination dominates at low current levels (the second diode
in a typical two-diode model). The comparison of HBT Jp to
the diode devices (with diode current at V' = 0.3 V) is shown in
Fig. 8(b).
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Fig. 8. (a) HBT base current .Jp in forward-active mode, representing hole
current at the p-Si/TiO2/Al selective contact for different TiOy thicknesses
(from 2.8 to 8.6 nm). The dotted line denotes a slope with an ideality factor of 1.
(b) Comparison of hole current from p-Si to AI/TiOy emitter contact (HBT Jp
from Fig. 7) at Vgg = 0.3V, and diode current in rectifying selective contacts
(p-Si/TiO2/Al) as in Fig. 2 for forward bias = 0.3 V) for TiO» thicknesses from
2.8 to 8.6 nm.

For TiO, thickness below 4.1 nm, the diode current matches
the HBT base current, showing that the diode is dominated by the
hole current. At 4.1 nm, note the hole current is at its minimum,
and the PV devices are dominated by electron current. For TiOy
thicknesses above 4.1 nm, the base current (hole current) and
the diode current rise quickly again, and again the diode device
is dominated by hole current. This shows there is a narrow
TiO, thickness window for the performance of a p-Si/TiO5/Al
selective contact from a PV point of view.

The perhaps counter-intuitive increase of hole current at high
TiO, thickness will be explored in detail elsewhere. In brief
however, although not the focus of this paper, one possible
explanation for the rise of the hole current is the presence of
negative charge in the TiO, layer, which has been observed in
the literature [15]. Negative charge would push the silicon bands
up at the TiO»/Si interface, thereby reducing the barrier holes
see and thus increasing the hole current component caused by
mechanism (2) in Fig. 2 (alower barrier would enable more holes
to get to the interface where they could recombine at interface
states). To test this hypothesis, current—voltage—temperature (/-
V-T) measurements were done on the HBTs with TiOs thickness
4.1, 4.6, and 8.6 nm. From /-V-T measurements (not shown) of
the HBT I current, we were able to extract a Schottky barrier
height of 1.01, 0.83 and 0.78 eV, respectively; this validates the
hypothesis that with thicker TiO,, the silicon bands are being
pushed up.
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To provide independent confirmation that the current of the
diode of Fig. 2 (4.1-nm TiOy) is dominated by electron current,
we conducted “reverse recovery” experiments. In a reverse re-
covery experiment, after steady state in forward bias, the voltage
of a diode in series with a resistor is switched from positive to
negative. In forward bias, electrons accumulate [see Fig. 9(a)],
leading to a particular excess electron profile, which in turn
determines the electron current. When the applied voltage is
rapidly switched to reverse bias, the excess electron profile
initially supports a reverse current many orders of magnitude
higher than the device reverse-saturation current as the excess
carriers are recovered [see Fig. 9(b)], with the current level
set by the applied bias and the resistor [16], [17]. However, in
time, the stored electrons are depleted and the current decreases.
From these measurements and modeling, one can infer the total
number of electrons in the substrate in forward bias [18]. A
characteristic parameter for reverse recovery experiments is the
recovery time (¢, ), which is the time at which the reverse current
begins to decrease from its initial value.

The minority carrier injection ratio (commonly known as )
is the ratio between minority carrier (electron) current and total
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current. In forward bias, recombination of electrons in defects at
the Si/TiO, interface would cause v to be reduced—the current
of electrons injected into the substrate would be less than that
of the total current, and the recovery time would be reduced
for a fixed initial forward current. During the recovery phase,
interface recombination would further reduce the recovery time
[see Fig 9(b)].

Fig. 9(c) shows our recovery time data for different ratios of
forward to reverse bias current. Using numerical models [16],
one can fit the data to a minority carrier injection ratio . Mod-
eled recovery times for three values of : 0.8, 0.9, and 1 are
shown in Fig. 9(c). Given the quality of the fitting, y probably
lies between 0.85 and 0.95, implying the ratio of hole current
[processes (2 and 3 in Fig. 1(b)] is 5%—15% of the total current.
This is in excellent agreement with the HBT-extracted result of
the hole component being 8% of the total current as inferred
from the data of Fig. 7.

V. CONCLUSION

In this paper, we have introduced an HBT method to dis-
tinguish the hole and electron current across carrier selective
contacts, thereby demonstrating an avenue to elucidate cur-
rent mechanisms for further PV silicon engineering. Using this
method on a p-Si/TiO»/Al electron-selective contact, we have
shown that for 4.1-nm TiO,, the electron current in a typical
PV device is more than an order of magnitude larger than the
hole currents. Reverse recovery experiments confirm the ratio
between hole and electron currents. It is also shown that 4.1 nm
is the optimal thickness for CVD-deposited TiOs.

APPENDIX

We examine the effect of base recombination, which is typi-
cally ignored, on the dependence of I in bipolar transistors on
Ve because of base width modulation in the common-emitter
configuration (the Early effect). Beginning with the classical
equations, where W is the neutral base width

2
qn,Dn 4VBE
Io = L o Al
c WBNAe (A1)
and
2 ,
nsW. 4VBE
IB = IB273 + IBA,recomb = IB2.3,0 + u € k]%h (A2)

2NaT

where I, 3 represents holes injected from base to emitter [pro-
cesses 2 and 3 in Fig. 1(b)], with its pre-exponential constant
IB23.6. IB recomb Tepresents holes recombining with injected
electrons in the base, 7 is the electron lifetime in the base, and
the other terms have their usual meanings.

The dependence of I on Vg thus comes from possible
changes in Wp and in Vg

dl C —1 dWB q dVBE

—Io | — L . A3
WVer € | Wy aVes KT dVer (A3)

If Vg is held constant, then the Early effect is described by

dle._ I AW
dVeg VR T W dVes

(A4)
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If Ip is held constant, the Early effect depends on whether
the source of the base current depends on Wg and thus V. Let
us differentiate (A2) and set the left side dIg = O for a fixed
I condition

dlpas [dlpas | dlB recomb dlp
dlg=0= : : ’ dw, dVi
n AWy [dWB dWp } B o PR
(AS)
leading to
dIBZ.3 IB.recomb q
0= : : dW, —1Ipd . A6
[dWB+ Wy ] 5+ gpledVes. (A9

Note in (AS), I is the total base current. The holes either in-
jected to the emitter or recombining at the base—emitter interface
[processes (2) and (3)] have no physical dependence on neutral
base width, therefore we can set dIp,3/dWp = 0. Then

dVBE _ 7IB, recomb kT ) (A7)
dWp Iy qWp

Physically, this means that under a fixed /5 condition, when
base recombination dominates the base current, if Wp is de-
creased, Vpp must increase to keep the amount of electron
charge in the base constant. Using (A6) to substitute for the
dependence of Vg on Vg in (A3) gives for the fixed base
current condition

dle_ [ dws
dVCE fixedIp — C WB dVCE
iIB,rccomb kT dWB (AS)
kT IB q WB dVCE
leading to
d[C IC IB recomb dWB
. — Y |1 4 Z2hrecomb . A9
e 1 [ L e Y

So we then know the ratio of the slopes of I versus V(g for
fixed Ip versus fixed Vg conditions. It depends on the fraction
of the base current due to recombination in the base, with the
ratio of slopes varying between 1 and 2

dlc
aveglixeaty |y, I, recomt

(A10)
ddvlﬁ |ﬁxed VB E IB

Experimentally, the ratio of base recombination to total base
current can be found by

dic
mhﬁxed[B

IB,recomb o

1. (A11)

dlc
IB dVen |ﬁxed VeE

REFERENCES

[1]1 S.De Wolf, A. Descoeudres, Z. C. Holman, and C. Ballif, “High-efficiency
silicon heterojunction solar cells: A review,” Green, vol. 2, no. 1, pp. 7-24,
2012.

[2] M. Taguchi et al., “HITTM cells—High-efficiency crystalline Si cells with
novel structure,” Prog. Photovolt., vol. 8, no. 5, pp. 503-514, 2000.

[3] K. Yoshikawa et al., “Silicon heterojunction solar cell with interdigitated
back contacts for a photoconversion efficiency over 26%,” Nature Energy,
vol. 2, 2017, Art. no. 17032.

[4] K. A.Nagamatsu, S. Avasthi, J. Jhaveri, and J. C. Sturm, “A 12% efficient
silicon/PEDOT:PSS heterojunction solar cell fabricated at < 100C,” IEEE
J. Photovolt., vol. 4, no. 1, pp. 260-264, Jan. 2014.

[5] S. Avasthi et al., “Hole-blocking titanium-oxide/silicon heterojunction
and its application to photovoltaics,” Appl. Phys. Lett., vol. 102, 2013,
Art. no. 203901.

[6] K. A. Nagamatsu et al., “Titanium dioxide/silicon hole-blocking selec-

tive contact to enable double-heterojunction crystalline silicon-based solar

cell,” Appl. Phys. Lett., vol. 106, no. 12, 2015, Art. no. 123906.

X. Yang et al., “High-performance TiO» -based electron-selective contacts

for crystalline silicon solar cells,” Adv. Mater., vol. 28, no. 28, pp. 5891—

5897, 2016.

X. Yang, P. Zheng, Q. Bi, and K. Weber, “Silicon heterojunction solar cells

with electron selective TiOx contact,” Solar Energy Mater. Solar Cells,

vol. 150, pp. 32-38, 2016.

C. Battaglia et al., “Silicon heterojunction solar cell with passivated hole

selective MoOx contact,” Appl. Phys. Lett., vol. 104, no. 11, 2014, Art.

no. 113902.

[10] R. Islam, G. Shine, and K. C. Saraswat, “Schottky barrier height reduc-
tion for holes by Fermi level depinning using metal/nickel oxide/silicon
contacts,” Appl. Phys. Lett., vol. 105, no. 18, 2014, Art. no. 182103.

[11] J. Jhaveri, A. H. Berg, S. Wagner, and J. C. Sturm, “Measurement of
TiO2/p-Si selective contact performance using a heterojunction bipolar
transistor with a selective contact emitter,” in Proc. 44th IEEE Photovolt.
Spec. Conf., 2017.

[12] J.Jhaveri, A. H. Berg, S. Wagner, and J. C. Sturm, “Al/TiO2/p-Si hetero-
junction as an ideal minority carrier electron injector for silicon photo-
voltaics,” in Proc. 43rd IEEE Photovolt. Spec. Conf.,2016, pp. 2444-2447.

[13] J. M. Early, “Effects of space-charge layer widening in junction transis-
tors,” Proc. IRE, vol. 40, no. 11, pp. 1401-1406, Nov. 1952.

[14] J. Cui et al., “Titanium oxide: A re-emerging optical and passivating
material for silicon solar cells,” Solar Energy Mater. Solar Cells, vol. 158,
pp. 115-121, 2016.

[15] A. F. Thomson and K. R. MclIntosh, “Light-enhanced surface passiva-
tion of TiO9 -coated silicon,” Prog. Photovolt., Res. Appl., vol. 20, no. 3,
pp- 343-349, 2012.

[16] R. H. Kingston, “Switching time in junction diodes and junction transis-
tors,” Proc. IRE, vol. 28, no. 5, pp. 829-834, May 1954.

[17] A. S. Grove and C. T. Sah, “Simple analytical approximations to the
switching times in narrow base diodes,” Solid State Electron., vol. 7,
no. 1, pp. 107-110, 1964.

[18] A. H. Berg, K. A. Nagamatsu, and J. C. Sturm, “Extraction of front-and
rear-interface recombination in silicon double-heterojunction solar cells
by reverse bias transients,” IEEE Trans. Electron Devices, vol. 64, no. 11,
pp. 4518-4525, Nov. 2017.

[7

—

[8

—_

[9

—

Janam Jhaveri (S’13) received the B.S. degree in
electrical engineering from Purdue University, West
Lafayette, IN, USA, in 2011, and the M.A. degree
in electrical engineering, in 2013, from Princeton
University, Princeton, NJ, USA, where he is cur-
rently working toward the Ph.D. degree in electrical
engineering.

In 2014, he received the Maeder Graduate Fellow-
ship in Energy and the Environment, and in 2016, he
was named a Siebel Scholar in Energy. His research
interests include silicon/organic and silicon/metal ox-

&>

ide heterojunctions for photovoltaic applications.



732

Alexander H. Berg (S’15) was born in New York,
NY, USA, in 1991. He received the B.S. degree in
engineering physics from Brown University, Prov-
idence, RI, USA, in 2013, and the M.A. degree
in electrical engineering, in 2015, from Princeton
University, Princeton, NJ, USA, where he is cur-
rently working toward the Ph.D. degree in electrical
engineering.

His research interests include the modeling and
material science of hybrid silicon heterojunctions for
photovoltaic applications.

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 8, NO. 3, MAY 2018

James C. Sturm (S’81-M’85-SM’95-F’01) was
born in Berkeley Heights, NJ, USA, in 1957. He
received the B.S.E. degree in electrical engineer-
ing and engineering physics from Princeton Univer-
sity, Princeton, NJ, USA, in 1979, and the M.S. and
Ph.D. degrees in electrical engineering from Stanford
University, Stanford, CA, USA, in 1981 and 1985,
respectively.

In 1979, he joined the Intel Corporation, Santa
Clara, CA, USA, as a Microprocessor Design Engi-
neer, and in 1981, he was a Visiting Engineer with
Siemens, Munich, Germany. In 1986, he joined the faculty of Princeton Uni-
versity, where he is currently the Stephen R. Forrest Professor in Electrical
Engineering. From 2003 to 2015, he was the founding director of the Princeton
Institute for the Science and Technology of Materials, and from 1994 to 1995, he
was a von Humboldt Fellow with the Institut fuer Halbleitertechnik, University
of Stuttgart, Stuttgart, Germany. He has worked in the fields of silicon-based
heterojunctions, thin-film and flexible electronics, photovoltaics, the nano-bio
interface, three-dimensional integration, and silicon-on-insulator.

Dr. Sturm is a member of the American Physical Society and the Materials
Research Society, and was a National Science Foundation Presidential Young
Investigator. He is the recipient of more than ten awards for teaching excel-
lence. In 1996 and 1997, he was the Technical Program Chair and General
Chair, respectively, of the IEEE Device Research Conference. He was on the
organizing committee of IEDM (1988-1992 and 1998-1999), having chaired
both the solid-state device and detectors/sensors/displays committees. He was
on the Boards of Directors of the Materials Research Society and the Device
Research Conference, and was a cofounder of Aegis Lightwave.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


