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Haynes-Shockley experiment analogs in surface and
optoelectronics: Tunable surface electric field
extracting nearly all photocarriers

Yibo Zhang’, Sara Almenabawy’', Nazir P. Kherani'**

Photocarriers predominantly recombine at semiconductor surfaces and interfaces, assuming high bulk carrier
lifetime. Consequently, understanding the extraction of photocarriers via surfaces is critical to optoelectronics.
Here, we propose Haynes-Shockley experiment analogs to investigate photocarrier surface extraction. A
Schottky junction is used to tune the silicon near-surface electric field strength that varies over several
orders of magnitude and simultaneously observe variations in broadband photocarrier extraction. Schottky
barrier height and surface potential are both modulated. Work function tunable indium tin oxide (ITO) is devel-
oped to precisely regulate the barrier height and collect photocarriers at 0 V bias, thus avoiding the photocur-
rent gain effect. All experiments demonstrate >98% broadband internal quantum efficiency. The experiments
are further extended to wave interference photonic crystals and random pyramids, paving a way to estimate the
photogeneration rate of diverse surface light-trapping topologies by collecting nearly all photocarriers. The in-
sights reported here provide a systematic experimental basis to investigate interfacial effects on photocarrier
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spatial generation and collection.

INTRODUCTION

Semiconductor band-to-band transitions and the corresponding
photocarrier generation and extraction are fundamental processes
for a wide range of optoelectronic applications, such as photocatal-
ysis (1-3), photovoltaics (4-7), photodetection (8-15), and optical
communications (16—19). For a semiconductor with high bulk
crystal quality and minimal-to-negligible bulk radiative/nonradia-
tive recombination processes, the loss of photocarriers to surface re-
combination is the most important barrier to attaining high-
performance optoelectronic devices (12, 20, 21). For example, a
typical commercial Si wafer has hundreds of micrometer diffusion
length for minority carriers. This suggests that the generated photo-
carriers, under low optical injection, have a negligible recombina-
tion rate in both the diffusion region (presuming a moderate
majority carrier doping level) and the space charge region (where
background concentrations for both electrons and holes are low).
Accordingly, these photocarriers mostly recombine at the Si inter-
face, assuming the absence of a heavily doped region that would
otherwise enhance Auger recombination (20, 21). On the other
hand, semiconductor or dielectric surfaces/interfaces have been re-
garded as ambiguous systems for many decades, including interfac-
es with the mature material of Si, due to a multiplicity of factors.
One reason is the termination of periodic/nonperiodic bonds at
the surface, arising from nano/microfabrication processing.
Another influential factor is the chemical reactions with various el-
ements resulting in a heterogeneous interface that collectively intro-
duces a wide range of surface defect energy levels within the
forbidden band (22, 23). To minimize the effect of surface recom-
bination, passivation technologies have been developed principally
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in two forms: chemical passivation and field passivation. Chemical
passivation reduces the surface defect states by saturating the dan-
gling bonds (20, 21, 24-28). Field passivation, in contrast, creates a
surface electric field via fixed charges within the adjoining dielectric
films. This field effect repels one type of carrier at the surface, which
in turn reduces the surface recombination rate with the other carrier
—in essence, the induced field effect pushes the near-surface region
into depletion or inversion (12, 29). For practical optoelectronic
heterojunction devices, such as photodetectors and solar cells,
surface band bending induced by energy band offsets of two
contact materials with dissimilar work functions usually leads to a
certain level of field passivation (30-36). This field effect, together
with a low density of surface defect states (realized by chemical pas-
sivation), contributes to the realization of ultralow photocarrier
surface recombination and thus ultrahigh performance optoelec-
tronic devices.

The ultimate objective of these passivation technologies is to
enable complete extraction of the photocarriers approaching the
surface. While much research has been carried out to develop pas-
sivation technologies and correspondingly high-performance opto-
electronic devices, there is limited reporting of theoretical and
experimental studies that directly observe the relationship
between photocarrier extraction and the strength of the near-
surface electric field. Moreover, commonly reported passivation/ex-
traction technologies assume a constant surface recombination ve-
locity for all photocarriers approaching the surface (24). However,
the optical generation profile within a given absorber varies with the
wavelength of the incident light. Hence, the requirements for col-
lecting photocarriers generated at different locations, which are dic-
tated by the semiconductor absorption properties and the light-
trapping designs, are not all “equal” for achieving the ideal 100%
quantum efficiency. Establishing a deeper experimental under-
standing of the influence of the near-surface electric field on broad-
band photocarrier collection for the range of possible light-trapping
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surface topologies is essential for the development of optimal opto-
electronics—a research area that has remained largely unexplored.

The Haynes-Shockley experiment—a classic experiment in
semiconductor physics—uses two contacts on a semiconductor to
measure the signal delay between carrier injection and carrier col-
lection by which it determines the carrier mobility and lifetime (37).
The soul of the Haynes-Shockley experiment is minority carrier
generation at one location and collection at some other position,
wherein the electric field is applied across the entire semiconductor
to mitigate the carrier diffusion process in drift-dominated charge
transport (37). In this work, we propose and demonstrate analogs of
the Haynes-Shockley experiment to develop insight into the influ-
ence of the surface electric field on broadband photocarrier extrac-
tion. Two asymmetrical contacts are configured on n-Si. Broadband
minority photocarriers are generated at different locations within
the Si absorber and then collected at the surface under the influence
of various electric potential profiles. A series of proof-of-concept
Schottky junction devices with tunable surface electric field
strengths are proposed. Near-surface electric field strengths
ranging from 10* to 10° V/m are explored to directly observe the
broadband photocarrier recombination and collection. In all
devices, no special chemical passivation process is implemented
to solely investigate the field effect on photocarrier collection.
More than ~98% broadband internal quantum efficiency (IQE) is
demonstrated, providing essential insights in the design and reali-
zation of high quantum efficiency in various optoelectronic devices.

Important photocarrier surface extraction phenomena are ob-
served with tunable surface electric field. (i) For devices with a
narrow surface band bending (<1 um depletion region width), it
is consistently demonstrated that a sufficiently high surface poten-
tial and the correspondingly strong surface electric field (of the
order of 10° V/m) can extract nearly all photocarriers approaching
the surface. It is also observed that photocarriers generated outside
of the depletion region have a constant collection rate when they
enter the surface. (ii) For devices with a wide depletion region
(tens of micrometers width) and a weak surface electric field
(10* to 10° V/m), broadband photocarriers are generated at loca-
tions with an electric potential gradient. It is observed that photo-
carriers generated at the high electric potential region are preferably
collected by the surface. This indicates that the particle’s high
kinetic energy, that is, the high perpendicular-to-surface carrier ve-
locity, is a key reason that approaching-the-surface photocarriers
can overcome the trap-assisted recombination process to be fully
collected.

Furthermore, the demonstrated experimental results provide a
potential method to directly estimate the photogeneration rate for
various surface light-trapping topologies. Specifically, it has been
widely recognized that many factors, such as the presence of a me-
tallic back reflector and the initial doping of the semiconductor, can
cause a substantial parasitic absorption, resulting in an overestima-
tion of the real photogeneration as determined by optical absorp-
tion measurements. Hence, obtaining the photogeneration rate
for a given semiconductor absorber is a basic yet critical problem.
Here, we propose to resolve this challenging problem by collecting
nearly all photocarriers for a balanced estimation of the photogen-
eration in an arbitrary absorber. The present research provides a
general framework for photocarrier generation/extraction in semi-
conductor optoelectronic materials and devices.
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RESULTS

Experimental mechanisms

The experimental design is illustrated in Fig. 1. The light beam tra-
verses through a mechanical chopper and a monochromator
(Fig. 1A), thereby modulating the source frequency and wavelength
of the output beam. The resulting light beam at a given (single)
wavelength is focused on the active region of the test devices. Two
probes are brought in contact with the indium tin oxide (ITO) and
Al contact regions to record the amplitude of the photovoltage
between the two contacts as well as the photocurrent. The recorded
signal frequency corresponds to the chopper frequency as facilitated
by a lock-in amplifier.

Three different types of test devices and their corresponding
energy band diagrams at thermal equilibrium are presented in
Fig. 1B. The first set of devices (Fig. 1Bi) achieves Schottky
barrier height tunability by varying the work function of the ITO
thin films. The ITO work function is altered by changing the O,
to Ar flow ratio during the sputter deposition of the thin film.
The Schottky barrier height, as labeled in the energy band
diagram, is thus varied to realize a tunable surface potential and cor-
respondingly tunable near-surface electric field. A 3 ohm-cm resis-
tivity (~1.5 x 10'° cm™ doping concentration) n-Si wafer is used to
ensure that the depletion region width is within ~1 pm (as simulated
below). The near-surface electric field and the electric potential are
the principal factors that influence photocarrier recombination and
collection, for several reasons. Most of the photocarriers generated
by incident photons below 700-nm wavelength are within 10 pm of
the top collecting surface. Both Auger recombination and bulk
Shockley-Read-Hall (SRH) recombination processes are negligible,
due to the elimination of a highly doped region (i.e., dopant-free
contact device). The photocarriers generated beyond 10 um are at
depths within their typical diffusion length (hundreds of microme-
ters) in relation to the collecting surface. No voltage bias is applied
during the optoelectrical testing of these devices. This set of devices
has a strong surface electric field of the order of ~10° V/m. The sig-
nificance of this experiment is to fully mitigate the photocurrent
gain effect by tuning the work function of the contact material
and collecting photocarriers without any external bias. As demon-
strated below, the optical injection for all devices with various
Schottky barrier heights is nearly constant. Furthermore, the strat-
egies use limited surface chemical passivation effect for test devices,
making it possible to consistently observe the sole influence of the
surface electric field on photocarrier extraction.

The second set of devices (Fig. 1Bii) has a fixed work function
ITO contact, sputter-deposited with only Ar (no O, flow) onto 3
and 0.3 ohm-cm (~1.9 x 10'® cm™ doping level) resistivity n-Si
wafers. In this case, the Schottky barrier height is fixed (see the
related energy band diagram), and the near-surface electric field
is modulated by applying an external voltage bias. The surface de-
pletion region for these devices is also within ~1 pm width under a
small bias, while the surface potential is variable to realize a tunable
near-surface electric field under an external voltage bias. The
surface electric field strength is at the order of 10° V/m, and a
slight photocurrent gain effect is exhibited in this case. The
purpose of this set of devices is to compare their photocarrier ex-
traction with the "no-photocurrent-gain” devices in Fig. 1Bi, as
well as to compare their performance with the following “weak-
surface-field” devices (the third set).
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Fig. 1. Experimental apparatus and device configurations. (A) Optoelectronic test apparatus for devices where the near-surface electric field strength is varied. (B)
Device configurations and the corresponding energy band diagrams at thermal equilibrium illustrating the various mechanisms by which the near-surface electric field
strength is tuned. (i) Tunable Schottky barrier height via changes in the ITO work function with the device measured at zero bias. (i) Tunable external bias on devices with
a narrow depletion region. (i) Tunable external bias on devices with a wide depletion region. (C) Cross-sectional diagram illustrating the device operation under illu-
mination; absorption of photons of different wavelengths in the depletion region is schematically represented in blue and red.

The first two sets of devices can be viewed as analogs of the
carrier diffusion case in the Haynes-Shockley experiment,
wherein, without an applied bulk electric field, minority carriers
undergo a diffusion-dominated process with generation occurring
at different locations and collection at one point (37). In our exper-
iments, most of the photocarriers due to wavelengths of 500 to 900
nm are generated within the electrically neutral region (i.e., they are
mostly generated outside of the narrow depletion region, given the
absorption depth of Si). Accordingly, these photocarriers undergo
diffusion-dominated transport before they enter the surface deple-
tion region.

The third set of devices (Fig. 1Biii) is designed by depositing a
fixed work function ITO thin film onto high-resistivity Si (3000
ohm-cm, ~1.5 x 10'* cm™ doping level). The lower doping level
results in a wider depletion region (tens of micrometers width, as
simulated below) in silicon and a lower order of magnitude of the
peak near-surface electric field value (10* to 10° V/m, as simulated
below). In this condition, even with a high applied voltage of up to a
few volts, the near-surface electric field is still below the order of
~10° V/m, making it possible to clearly observe the broadband pho-
tocarrier extraction as a function of the surface electric field strength
spanning orders of magnitude. The third set of devices can be
viewed as an analog of the carrier drift case in the Haynes-Shockley
experiment, wherein, under an applied bulk electric field, drift-
dominated carrier transport is used to determine the carrier
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mobility by changing the distance between the carrier injection
and collection positions (37). In our experiment, most of the photo-
carriers associated with wavelengths of 300 to 1000 nm are gener-
ated at different locations within the wide depletion region. Hence,
the photocarriers generated at different positions have different po-
tential energies and undergo drift-dominated transport before
being collected at the surface.

Device operation under illumination is illustrated in Fig. 1C.
Under illumination, photons are absorbed by the silicon lattice
leading to the band-to-band transition that results in photogener-
ated carriers. Because of upward band bending at the ITO/n-Si in-
terface, the minority photogenerated holes transport toward the top
surface contact where they are collected as an external photocurrent,
while the rear-side ohmic contact enables the majority electron in-
jection between n-Si and Al. The Al/n-Si contact in this work is not
intentionally optimized for low contact resistance to avoid addition-
al treatments that may influence the distribution of the initial Si
surface states. Note that Al, with a work function of ~4.2 eV, is
deemed to form an unoptimized ohmic contact with n-Si; various
strategies involving insertion of ultralow work function interfacial
layers between Al and n-Si have been reported to improve the
contact quality (38—40). However, for low optical injection optoe-
lectrical tests in this work, it is shown below that the unoptimized
Al/n-Si ohmic contact provides adequate performance on majority
carrier injection.
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For all devices, the depletion region, wherein the dopant atoms
are ionized, is adjusted to tune the near-surface electric field
strength and the overall surface potential for effective photocarrier
collection. This is schematically illustrated by the absorption of
blue- and red-labeled photons in Fig. 1C. Furthermore, as shown
in Fig. 1C, the initial Si surface (where the native oxide on the Si
surface is left unaltered) is intentionally unchanged for all
samples so as not to introduce chemical passivation processes that
would modify the initial Si interface states, thereby solely investigat-
ing the field effect on photocarrier collection. Nevertheless, it is ac-
knowledged that the deposition process and/or the surface electric
field effects may unavoidably lead to a redistribution of the
surface states.

Thin-film characterization

Fundamental ITO thin-film properties and surface photovoltage
(SPV) of the heterojunctions are presented in Fig. 2. The ultraviolet
photoelectron spectroscopy (UPS) results over the energy cutoff
edge region are shown in Fig. 2A. ITO thin films were deposited
on quartz substrates with various O,:Ar flow rates during sputter-
ing. The full energy scale UPS results and cutoff energy edge fitting
details are given in fig. S1. With an increasing O, flow ratio, a small
work function shift is observed. On the basis of the fitting process in
fig. S1B, the sputtered ITO thin film with a higher O, flow ratio hasa
lower cutoff energy and a higher work function. Specifically, the
ITO thin film at 1.2% O, flow has the highest work function,
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which is ~0.5, ~0.43, and ~0.13 eV higher than that at 0.2% O, at
0.4% O,, and at 1% O,, respectively. This excellent tunability of the
ITO work function enables precise control of the device Schottky
barrier, as shown in Fig. 1Bi. ITO is a highly degenerate n-type
semiconductor, for which the Fermi level lies within the conduction
band, indicative of the work function. Two major mechanisms con-
tribute to the ITO conductivity: The initial oxygen vacancies and
the Sn** coupling to indium oxide lattice can both release free elec-
trons as mobile charges in the ITO conduction band. The oxygen
vacancies have been regarded as an important donor that increases
the electron concentration for ITO thin films and many other trans-
parent conductive oxides (41, 42). Specifically, with a constant Sn
doping ratio, the oxygen vacancies dominate the electron concen-
tration within ITO thin film (41). In this work, a slight O, gas flow
during the sputtering process reduces the oxygen vacancies in ITO,
thus reducing the free electron concentration in the ITO conduction
band and increasing the ITO work function. Some treatments such
as O, plasma and O, flow during ITO sputtering have been reported
to increase the ITO work function (43—45). It has also been reported
that O, flow during sputtering enables a low-conductivity nanome-
ter-thin ITO film for transistor applications (46).

Optical transmission, surface roughness, and energy-dispersive
x-ray spectroscopy (EDS) mappings results of the ITO thin films are
respectively measured in figs. S2 to S4. The absorption of the ITO/n-
Si/Al structure is presented in Fig. 2B. It is seen that ITO/n-Si shows
a typical destructive interference property for the incident light
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Fig. 2. Characterization of the ITO thin films and ITO/n-Si/Al heterojunctions. (A) Ultraviolet photoelectron spectroscopy (UPS) results for ITO thin films deposited
with various O5:Ar ratios to determine the cutoff energy edge. a.u., arbitrary units. (B) Optical absorption of ITO/n-Si/Al structures, with varying O, concentrations in Ar
during ITO sputtering. (C) Sheet resistance and carrier concentration for ITO thin films determined by Hall effect measurement, as a function of O, flow ratio. (D) SPV
measurement of ITO/n-Si/Al under illumination over a wavelength range of 400 to 800 nm.
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from ~460- to ~480-nm wavelengths, making it possible for nearly
complete optical absorption within Si absorber at a certain wave-
length, and hence demonstration of the nearly complete photocar-
rier extraction. A zoomed-in image of Fig. 2B is plotted in fig. S5,
showing ~99% peak absorption for all samples. The optical gener-
ation for all the samples with various O, flows is almost constant,
ensuring a negligible change in the optical injection level for the fol-
lowing optoelectrical test. The sheet resistance and the carrier con-
centration for ITO thin films are measured by the Hall effect in
Fig. 2C. With an increase in the O, flow ratio, the overall sheet re-
sistance increases, while the carrier concentration decreases. This is
consistent with the UPS results shown in Fig. 2A: For a higher O,
flow ratio, the reduction of the oxygen vacancies leads to a lower free
electron concentration, thus contributing to a slight increase in the
ITO work function. With a 1.2% O, ratio, the ITO thin film exhibits
~700 ohms/square sheet resistance and ~1.9 x 10*' cm™ electron
concentration. The SPV measurement, shown in Fig. 2D, is for a
device made of an ITO thin film with a 1.2% O, flow. For the low
optical injection case, the near-surface potential change (of the
order of microvolts) is far lower than the built-in surface potential
of the device, indicating that the near-surface electric field can be
considered to be unchanged under weak illumination.

Planar Si device performance under dark

The planar Si device performance under dark is analyzed in Fig. 3.
The current density-voltage (J-V) curves for devices with various O,
flow ratios during ITO sputtering are measured in Fig. 3A. All
devices show a typical current rectification property, where the
reverse dark current is markedly lower than the forward current.
For example, rectification ratios (defined as the ratio of the
forward current to reverse current) of ~0.72 x 10°
and ~1.52 x 107 are respectively observed for devices with 1% O,
and 1.2% O, at +0.5 V. This suggests that the electrons from ITO
need to overcome an energy barrier to be injected into n-Si under
reverse bias, thus revealing the existence of a Schottky barrier from
ITO to n-Si. Furthermore, a dramatic decrease in both the forward
and reverse current densities is exhibited with increasing O, flow
ratio. This is explained by the following equation

I = Jofexp {@} ) 1)

where g is the electric charge, V is the applied voltage, I is the
current, R is the series resistance, n is the ideality factor, T is the
temperature, k is the Boltzmann constant, and J is the reverse sat-
uration current density. J; is expressed as follows

Jo = A" T?exp(—®p/kT) (2)

where A’ is the Richardson constant for n-Si and ®j is the Schottky
barrier height. The higher work function of ITO thin films with
higher O, flow ratios enhances the Schottky barrier height and con-
sequently reduces the dark current density, as indicated in Eq. 2.
Meanwhile, the reduced conductivity of ITO thin films, as shown
in Fig. 2C, increases the entire series resistance R of the diode,
thus explaining the drop of the forward current density as expressed
in Eq. 1.

The high reverse dark current density of 10* A/cm? for devices
with a 0.2% O, flow suggests that the low-quality native oxide has a
negligible influence on reducing the device reverse current. In
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addition, the device performance is influenced by both the trap-as-
sisted tunneling process (by surface states) and energy band align-
ment of tunable work function ITO contact and n-Si. This is further
confirmed by the change in Schottky barrier height as a function of
O, flow shown in Fig. 3B. The Schottky barrier heights for all
devices are extracted in fig. S6 by fitting the forward J-V curve
using the Cheung's method (47). As the O, flow ratio increases
from 0.2 to 1.2%, the Schottky barrier height and the series resis-
tance increase from ~0.6512 to ~0.7845 eV and from ~202.2 to
~356.4 ohms, respectively. The barrier height for devices with
1.2% O, flow is ~0.1333 eV higher than that for devices with
0.2% O, flow, suggesting that the tunable ITO work function mod-
ulates the device barrier height. This ~0.1333 eV barrier height shift
is not consistent with the ITO work function change (~0.5 eV from
0.2% O, to 1.2% O, in Fig. 2A), further confirming that the contact
potential difference and surface states together influence the device
performance. Note that the presence of surface states and the related
Fermi level pinning effect may be a reason that prevents a consistent
change between the ITO work function and the device Schottky
barrier height. In the presence of surface states, the surface potential
change drops in both the interfacial region and the depletion region.
The interfacial states share in the electric potential drop induced by
the tunable work function of the ITO thin films, thus hindering
further depletion of the bulk Si. It is worth mentioning that the
surface Fermi level is not totally pinned since the tunable ITO
work function can still modulate the Schottky barrier height as
shown in Fig. 3 (A and B). It is also suggested that the work function
determined from UPS measurements is highly related to the surface
of the tested samples and, accordingly, may vary slightly with the
actual interfacial contact region, thus failing to precisely provide
performance prediction for practical devices. Nevertheless, the ob-
tained J-V curves reflect the energy band alignment and the changes
in Schottky barrier heights.

The surface state distribution for devices made with 1.2% O,
flow ITO films is calculated in Fig. 3C. The calculation process is
shown in the Supplementary Materials, and the method can be
found elsewhere (48, 49). The surface defect density is simulated
to range from ~10"* to ~10'* eV™' cm™2. The energy level of the
surface states Eg, mainly occupies the region from ~0.4 to ~0.9 eV
above the top of the valence band E,. The surface state distribution
for devices made with 0.4% O, is calculated in fig. S7. Compared
with a well chemically passivated surface with a defect level below
the order of ~10" eV~ cm™2 (50), we conclude that the change in
the O, flow ratio during ITO sputtering leads to a limited surface
chemical passivation effect. The dark current density for devices
made on the low-resistivity wafers (3 and 0.3 ohm-cm) and high-re-
sistivity wafers (3000 ohm-cm) is measured in Fig. 3D. There was no
O, flow during ITO thin-film deposition for these devices. For all
devices, a similar current rectification property is observed, indicat-
ing that ITO forms a typical Schottky contact with variously doped
Si in this work. The barrier heights are simulated to be ~0.6811,
~0.6182, and ~0.6750 eV for devices made on 0.3 ohm-cm n-Si, 3
ohm-cm n-Si, and 3000 ohm-cm n-Si, respectively. The linear scale
J-V curve for the 3 ohm-cm device is plotted in fig. S8: The high
forward current density suggests that there is sufficiently high elec-
tron injection from Al to n-Si, showing that Al forms an ohmic
contact with n-Si.

The capacitance-voltage (C-V) properties at various frequencies
for the 3 ohm-cm n-Si device are shown in Fig. 3E. The junction
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Fig. 3. Planar Si device performance. (A) Dark current density for devices with various O, flows during ITO thin-film deposition. (B) Extracted Schottky barrier height and
series resistance for devices with various O, flows. (C) Calculated surface state density distribution. (D) Dark current density for devices with three different resistivities: 0.3
ohm-cm (1.9 x 10'® cm™ doping concentration), 3 ohm-cm (1.5 X 10" em™3 doping concentration), and 3000 ohm-cm (1.5 x 102 ecm™3 doping concentration). For all
devices, ITO was deposited without O, flow during sputtering. (E) Capacitance-voltage measurement under different frequencies (3 ohm-cm device, ITO thin film without
O, flow). (F) Simulated electric field distribution at 0 V bias for devices with different Schottky barrier heights. (G) Simulated electric field distribution as a function of
applied reverse voltage bias (3 ohm-cm device, ITO thin film without O, flow). (H) Simulated electric field distribution as a function of applied reverse voltage bias (3000
ohm-cm device, ITO thin film without O, flow). (1) Extracted near-surface electric field and the overall surface potential as a function of reverse bias (3000 ohm-cm device,

ITO thin film without O, flow).

capacitance is determined by the overall electric charge change
under an applied time-varying voltage. Under forward bias, a capac-
itance peak is observed at ~0.12 V at a low frequency of 5 kHz; this
peak disappears at higher frequencies. This reveals the presence of
surface states; we note that similar observations have been reported
for low-frequency C-V measurements (51-54). The surface defect
states have been reported to own a large time constant (51, 52).
Under low frequencies, the large time constant means that the
charge capture and emission processes of these surface states can
keep up with the change in the applied voltage. The overall capac-
itance change is then determined by the rate of charge transfers
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within both the depletion region and the interfacial states, causing
a capacitance peak at 5 kHz. The forward voltage bias correspond-
ing to this peak is closely related to the relative position between
these surface states and the surface valence band (51). At higher fre-
quencies, this peak disappears since the surface states cannot
respond to the fast change in the voltage signal; hence, the capaci-
tance is principally determined by the charge change within the de-
pletion region. A detailed mathematic description is given in the
Supplementary Materials to illustrate the C-V curves. The C-V
results measured for samples with 1.5 x 10'* cm ™ Si doping level
are given in fig. S9.
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The one-dimensional (1D) electric field distribution for the
above devices is simulated in Fig. 3 (F to H), by solving Poisson's
equation

dyy, _dE_ p
T T dx e ®)

dx o Esi

where yp is the electric potential in the depletion region, x is the
length, E is the electric field, p is the overall charge concentration,
and e is the permittivity of Si. The electric field distribution for
devices with various barrier heights (devices in Fig. 3A) is simulated
in Fig. 3F. According to Eq. 3, a larger Schottky barrier indicates
greater surface band bending (i.e., larger surface potential) and cor-
respondingly larger near-surface electric field. The peak of the near-
surface electric field gradually increases with increasing Schottky
barrier height. The depletion region is simulated to be ~1 pm
width. For the device with a 1.2% O, flow ITO thin film (~0.7845
eV barrier height), the near-surface electric field is ~1.58 V/um with
a ~0.5378 eV built-in potential. In addition, the surface field
strength and built-in potential are respectively ~1.3479 V/um
and ~0.4045 eV for the 0.2% O, ITO device with a ~0.6512 eV
Schottky barrier. The electric field distribution is simulated at
various applied reverse voltages, as shown in Fig. 3G, for a device
with ~3 ohm-cm resistivity and ~0.6182 eV barrier height (device in
Fig. 3D). As indicated, the surface depletion region width is about
~1 pm at small reverse bias from —0.1 to —0.22 V. At —0.18 V
and —0.2 V bias, the near-surface electric field is ~1.59 and ~1.62
V/um, respectively, and the built-in potential is ~0.5515
and ~0.5715 eV, respectively.

The electric field for the devices made on high-resistivity Si
(3000 ohm-cm, ~0.6750 eV barrier height in Fig. 3D) is simulated
in Fig. 3H. The lowest surface electric field (10* to 10° V/m) and the
widest depletion region (tens of micrometers) are simulated for this
set of devices, under bias ranging from 0 to —8 V. For these high-
resistivity Si devices, a very weak electric field of the order of 1 V/m
extends over hundreds of micrometers in depth. Specifically, when
the high bulk resistance cannot be ignored compared with the de-
pletion region'’s resistance, the applied voltage will drop in both the
depletion region and the bulk region, leading to a weak electric field
extending into the bulk region. The near-surface electric field and
the corresponding surface potential for 3000 ohm-cm devices are
summarized in Fig. 3I as a function of reverse voltage bias. For
this set of devices, the surface electric field strength is still below
the order of 10° V/m even at high reverse bias of up to —8 V. Fur-
thermore, there is also a large range of surface potential change from
~0.25 eV (at thermal equilibrium without any bias) to ~8.25 eV (at
—8 V bias, assuming that all of the applied bias drops in the deple-
tion region). The electric field distribution for a device made on 0.3
ohm-cm (1.9 x 10'® cm ™ doping level) n-Si is simulated in fig. S10.
The surface electric field and the built-in potential for other devices
are summarized in fig. S11.

Quantum efficiency for planar Si devices

The quantum efficiency is investigated in Fig. 4. External quantum
efficiency (EQE) is the ratio of collected photocarriers to incident
photons. Specifically, 100% EQE means that all incident photons
are absorbed and converted to photocarriers without recombina-
tion loss (namely, every absorbed photon produces one electron-
hole pair). IQE is defined as the ratio of the collected photocarriers
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to absorbed photons. Similarly, 100% IQE indicates that all ab-
sorbed photons are converted to photocarriers (that is, the absorp-
tion is not necessarily 100%). The EQEs for devices with varying O,
flows during ITO deposition are illustrated in Fig. 4A. With increas-
ing Schottky barrier height, the EQE gradually saturates at its peak
value. The measurement is performed at 0 V bias to ensure no pho-
toconductive gain effect (55). The EQE of ITO (1.2% O,)/n-Si peaks
at 465-nm wavelength with a value of greater than ~99%. Consider-
ing that the absorption rate varies with each wavelength, a peak of
~99% EQE at a certain wavelength indicates that there is almost neg-
ligible surface recombination for the corresponding photogenerated
carriers that reach the surface region. Furthermore, these samples
have a “normal” surface state density level of the order of ~10" to
~10" eV~ cm™?, as simulated in Fig. 3C, showing limited chemical
passivation effects due to the ITO thin films. Therefore, the satura-
tion of the quantum efficiency indicates that at a sufficiently high
surface potential and the correspondingly high near-surface electric
field, photocarriers can overcome the trap-assisted recombination
effect of the surface, thereby being collected with negligible recom-
bination loss. Also, the optical injection is small, and thus, the as-
sociated near-surface potential change for each wavelength of
illumination is negligible compared to the large built-in potential
at thermal equilibrium, as shown by the SPV measurements in
Fig. 2D. Specifically, the quantum efficiency saturates with the
ITO thin film deposited with a 1.2% O, ratio (corresponding to
~0.7845 eV barrier height, ~1.58 x 10° V/m near-surface electric
field, and ~0.5378 eV built-in potential, as shown in fig. S11A).
The IQE of the device is calculated in Fig. 4B, by the following equa-
tion

IQE = 100% x EQE/Absorption (4)

where the absorption is taken from Fig. 2B. The low IQE at a low
barrier height (for example, ~34% IQE from 450 to 850 nm for the
0.2% O, flow ITO-based device) indicates that most photocarriers
recombine at the silicon surface before contributing to the photo-
current. For the 1.2% O, flow ITO-based device, a near-unity IQE
over a broadband spectrum is observed (more than ~99% from 500
to 570 nm and more than ~97% from 455 to 730 nm). This is con-
sistent with the conclusion that almost all the photocarriers ap-
proaching the surface are collected. The high peak EQE exceeding
~99% and high broadband IQE over ~98% suggest that, under low
optical injection, the unoptimized backside ohmic contact is ade-
quate and enables sufficient majority electron injection from n-Si
to Al The IQE loss at short wavelengths is due to the ultraviolet
(UV) light parasitic absorption of the ITO thin film, while the
loss at long wavelengths is due to the rear-side photocarrier recom-
bination in the absence of a back surface field as well as the free-
carrier absorption in AL

The quantum efficiency at different applied reverse voltages is
measured in Fig. 4C. The ITO contact is sputtered without O,
flow [the test device has a ~0.6182 eV Schottky barrier height,
shown in Fig. 3 (D and G)]. The quantum efficiency starts to satu-
rate when the applied voltage reaches ~—0.18 to ~—0.2 V. The peak
quantum efficiency exceeds 100% as the applied voltage increases
up to ~—0.5V, corresponding to an IQE above unity over a broad-
band of the spectrum, as shown in Fig. 4D. This is due to the pho-
toconductive gain effect, in which the electrons from the ITO thin-
film tunnel into n-Si through the surface defects and recombine
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figure legend.

with the photogenerated holes. This enables the photocarrier recy-
cling effect before the final recombination of the photogenerated
holes, hence leading to a quantum efficiency above unity. It is ob-
served that the photocurrent saturates under ~—0.2 V bias, corre-
sponding to ~1.62 V/pm near-surface electric fields, and ~0.5715
eV surface potentials, as shown in fig. S11B. This is in excellent
agreement with the tunable barrier height results at 0 V bias
shown in Fig. 4 (A and B), where the photocurrent saturates at
~1.58 V/um near-surface electric field and ~0.54 eV built-in poten-
tial. This consistent observation suggests that for a surface with a
certain state density distribution (i.e., without intentional chemical
passivation), sole constantly high surface potential and strong
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surface electric field are sufficient to extract nearly all photocarriers
approaching the surface, and the strength value of this field/poten-
tial is nearly constant for the initial surface.

Photocarrier recombination investigated under lower surface
electric field in the range of 10* to 10> V/m is shown in Fig. 4 (E
and F). We examine the case of a widely distributed built-in poten-
tial by using a high-resistivity wafer (3000 ohm-cm n-Si, simulated
in Fig. 3H). The optical absorption for the ITO-coated high-resis-
tivity Si is given in fig. S12. Even if the surface electric field strength
is orders of magnitude lower, we still observe a notable photocarrier
extraction rate under higher reverse bias. Clearly, this is a different
observation compared to the strong surface electric field in the
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devices (~10° V/m; Fig. 4, A to D). With increasing reverse bias, the
EQE at the long wavelength saturates first, while the EQE at the
short wavelength of ~475 nm does not approach unity even under
high applied voltages. This condition implies a much higher surface
potential (summarized in Fig. 3I) with several volts of applied
voltage, while the short-wavelength photocarrier collection still
fails to saturate, suggesting that the surface potential-induced
change in surface defects is not the major reason for photocarrier
extraction. In addition, these long wavelength—generated photocar-
riers can also be fully collected without a strong surface electric
field. This indicates that the high kinetic energy of the hot photo-
carriers approaching the surface is a key reason why these photo-
carriers can overcome the surface recombination process. Most of
the photocarriers below 1000-nm wavelength are generated within
the depletion region (simulated in Fig. 3H). For the photocarriers
generated at longer wavelengths, the longer drift distance under the
electric field enables a higher velocity (the velocity is perpendicular
to the collecting surface) and, thus, higher kinetic energy when they
reach the surface. The high kinetic energy of these photocarriers
contributes to largely overcoming the surface recombination pro-
cesses. This explanation is consistent with the following observa-
tions pertaining to Fig. 4E, when the wavelength is below 1010
nm: (i) The long-wavelength EQE has a generally higher value
than the short-wavelength EQE when the applied voltage is below
—0.3 'V, even if the sample has a lower absorption at a longer wave-
length. (ii) The long-wavelength EQE saturates first with increased
applied bias. (iii) The short-wavelength EQE needs a much larger
applied bias to saturate or may not even saturate, meaning that
the photocarriers generated at these near-surface regions cannot
acquire sufficient potential energy even under the influence of
high applied bias.

This is further confirmed by the calculated IQE in Fig. 4F. The
long-wavelength photocarriers (generated far inside the silicon ab-
sorber) saturate to near-unity IQE first, demonstrating more than
~99% IQE from 510 to 975 nm at —4 V. Meanwhile, the short-wave-
length photocarriers (generated near the surface) are not completely
collected under high reverse bias. Also, comparing the devices in
Fig. 4 (A and C), it is concluded that photocarriers acquiring suffi-
cient kinetic energy can overcome the trap-assisted surface recom-
bination process even in the absence of a strong near-surface electric
field. This conclusion provides potential guidance in designing
multifunctional optoelectronic devices. For example, at —0.1 V
bias, the EQE peaks at ~1010-nm wavelength in Fig. 4E, suggesting
great potential in producing a narrowband photodetector by using
surface recombination as a natural filter (56, 57). To better show the
details of the high-value EQE/IQE results, zoomed-in images for
Fig. 4 (E and F) are plotted in fig. S13.

The EQE under a high reverse bias of —4 V (device in Fig. 4E) is
compared with the EQE for an annealed device at 0 V in fig. S14
(58). For the unannealed devices in this work, there is a limited
chemical passivation effect at the surface, while the annealed
device shows excellent surface chemical passivation (58). In our pre-
vious work, it is demonstrated that a wide depletion region and a
well chemically passivated surface enable a nearly complete collec-
tion of broadband photocarriers at 0 V bias (58). With a nearly
constant optical generation profile, the unannealed device in this
work under a large reverse bias (red curve in fig. S14) indicates an
almost-constant long-wavelength EQE compared with the results of
the well-passivated devices at 0 V bias (black curve in fig. S14). This
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implies that the photocurrent gain effect is mostly mitigated for the
low-doped Si (1.5 x 10'* cm™ doping level) device in this work. The
Fermi level of the ITO thin film lies in the middle region of the Si
forbidden band, inducing a wide depletion region and hence
making it hard for charge carrier tunneling at large reverse bias,
which in turn hinders the photocarrier recycling process. It is sug-
gested that with a definitive low surface defect density, all these pho-
tocarriers can be collected at 0 V bias via the combination of field
effect contact and chemical passivation—evident from the almost
identical long-wavelength EQE in these two devices with/without
surface passivation. To further consolidate the results, another
device with 1.9 x 10'® cm™> doping level is characterized in fig.
S15. The simulated photocurrent under 1 sun for all devices is
given in fig. S16.

Light-trapping Si device characterization

The foregoing device constructs on planar silicon are now extended
to silicon devices with surface light-trapping topologies in Fig. 5,
where we observe a consistency in device performance. A photo-
graph illustrating wafer-scale fabricated photonic crystals (PhCs)
is shown in Fig. 5A. Note that these PhCs with nanometer-width
mesa were realized by a conventional industry-compatible photoli-
thography process. An optical photograph of a device being tested is
shown as an inset in Fig. 5A, where light is focused onto the active
region of the device with integrated PhCs. A scanning electron mi-
croscopy (SEM) image for the PhCs is given in Fig. 5B. These PhCs
are composed of periodic inverted pyramids exhibiting an ~3 um
base width with mesas of tens of nanometers in size. A high level
of evenness of the nanometer mesa width over a large area of the
sample is observed. The high-resolution transmission electron mi-
croscopy (HRTEM) image for a single ITO-coated PhC is shown in
Fig. 5C. The smooth ITO thin films covering the entire surface of
the PhC are examined. The mesa width is confirmed to be within
~100 nm. Notably, a conformal native oxide is observed attaching
the whole surface of the pyramid. This is further confirmed in
HRTEM images for the sidewall and corner regions of the PhC
(fig. S17). The thickness of the native oxide is measured to be
~1.8 nm checking the corner region of the mesa. For these PhCs,
this oxide is naturally grown in air, which helps to maintain the
original surface states of the sample. Additional electron microsco-
py characterizations, which include PhCs with various lattice con-
stants, cross-sectional SEM images, and EDS mapping results, are
given in figs. S18 to S20.

The details of the optical properties of PhCs are described else-
where (59, 60). The optical properties of the uncoated PhCs with
various lattice constants from 4 to 12 pm are measured in fig.
S21. The spectral transmission, reflection, and absorption profiles
of ITO/Si PhCs (3 pm lattice constant) are shown in Fig. 5D.
High absorption on average of more than ~90% from 300 to 1000
nm is observed. An n-Si wafer with 3000 ohm-cm resistivity is used
to configure the device, the EQE of which is measured in Fig. 5E. No
0, is flowed during ITO sputtering for this device. The EQE satu-
rates at a certain level under a high applied voltage. The structure
exhibits a high broadband EQE under a high reverse bias: More
than ~90% EQE from 435- to 980-nm wavelengths is observed
under —8 V bias, demonstrating an excellent photocarrier collection
rate with a tunable surface potential.

The EQE at —8 V is compared with the optical absorption for
devices with/without Al back reflector in Fig. 5F. There is short-
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Fig. 5. Characterization of the devices with light-trapping surface topologies. (A) An optical photograph indicating the large area of photonic crystals (PhCs) onto a
4-inch wafer, including an inset of an optical photograph of a test device. (B) Top-view scanning electron microscopy (SEM) image of as-fabricated wave interference PhCs
with 3 um lattice constant. (C) High-resolution transmission electron microscopy (HRTEM) image for the mesa region of ITO-coated PhC. (D) Absorption, reflection, and
transmission profiles of the ITO/PhC on Si structure. (E) EQE under different reverse voltage biases for ITO-coated PhC on a high-resistivity wafer (3000 ohm-cm,
1.5 x 10'? cm ™ doping concentration). (F) Comparison between the optical absorption and EQE under —8 V bias. (G) EQE under different small reverse biases for

ITO-coated (1.2% O, flow) PhC on a low-resistivity wafer (3 ohm-cm, 1.5 x 10" ecm™

wavelength EQE loss, e.g., ~91% total absorption is obtained at 300-
nm wavelength; however, the EQE is only ~35% under —8 V bias at
the same wavelength. This portion of loss is dominated by the free-
carrier absorption in the ITO thin film. The absorption peaks at 450
nm with a value of ~97%, while the EQE is only ~90% at this wave-
length, which is mainly due to surface recombination loss for short-
wavelength photogeneration. We assume that even under a high
applied bias of —8 V, some near surface—generated photocarriers
still cannot completely overcome the surface recombination
process due to the lower (by order of magnitude) near-surface elec-
tric field for the 3000 ohm-cm Si device. The EQE is ~1 to ~2%
higher than the absorption rate from 700 to 1000 nm, attributed
to the photocurrent gain effect under a high electric field. The
EQE is slightly lower than the optical absorption (black curve,
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3 doping concentration).

without Al back reflector) from 1000 to 1200 nm, due to the trans-
port loss of these long wavelength—generated photocarriers (i.e.,
these photocarriers may recombine due to either the long transport
distance or the unoptimized back surface). Compared with the
entire optical absorption of the ITO/Si PhCs/Al back-reflector
structure (blue dashed line in Fig. 5F), the proposed photocarrier
extraction experiment in this work clearly shows that a substantial
fraction of the “observed optical absorption” cannot truly contrib-
ute to the real photogeneration for a certain light-trapping design.
For example, at 1200-nm wavelength in Fig. 5F, we observe ~65%
optical absorption (blue dashed line), while the EQE is only ~1%.
The IQE at —8 V is calculated in fig. S22, where near-100% IQE is
observed over a broadband of wavelengths, suggesting that nearly all
photocarriers across the optical absorber are collected with limited
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gain effect. This limited photocurrent gain effect indicates that the
experiment proposed in this work can be potentially used to esti-
mate the real photogeneration rate for all optical absorbers with
various light-trapping designs and materials. For instance, it is
sometimes difficult to ascertain the real optical absorption and
the resulting photogeneration in an optical absorber. Possible
reasons include the free-carrier absorption in conductors or even
that due to the defect levels and initial doping of semiconductor
causing additional optical absorption, which cannot really contrib-
ute to collectable photocarriers. The experimental results in this
work provide an approach to resolve this problem—collecting
nearly all measurable photocarriers. Under a wide depletion
region and a proper surface electric field distribution, broadband-
generated photocarriers are nearly completely collected with
limited gain effect, as shown in Fig. 5E. Thus, the ratio of collected
photocarriers to absorbed photons provides a valid balanced esti-
mate of the real photogeneration in an absorber. The photocurrent
versus reverse applied voltage is simulated in fig. S23.

Another strong surface electric field device with ITO deposition
(at 1.2% O, flow) onto PhCs integrated on n-Si (400 um thickness, 3
ohm-cm) is characterized in Fig. 5G. Unlike the planar device oper-
ating at 0 V bias (Fig. 4A), an additional —100 mV is required to
saturate the EQE. A high EQE of >~96% from 470- to 535-nm wave-
length is observed for this device, confirming the assumption that
there exists near-surface recombination loss for devices in Fig. 5F
due to the lower surface electric field. Note that the Si surface
states may vary after processing [for example, PhC fabrication,
random surface texturing, and the Radio Corporation of America
(RCA) cleaning]—considering that maintaining an absolutely
constant surface state for all the fabrication processes (compared
with the untreated Si surface in Fig. 4) is technically quite challeng-
ing. The randomly textured sample is characterized in fig. S24.

Theoretical simulation
Theoretical simulation results are presented in Fig. 6 to better un-
derstand the photo response of the devices studied in this work. 3D
finite-difference time-domain (FDTD) simulations of the photon
electric field distribution under two illumination wavelengths
(450 and 750 nm) are shown in Fig. 6A. For 450 nm, most of the
optical field is distributed within a 1-pm distance from the top
surface for these PhCs. The optical simulation for 550- and 650-
nm wavelengths is given in fig. S25. A similar near-surface optical
field distribution is observed under 550-nm illumination, indicating
predominant photogeneration in the near surface—correlating with
the short wavelength—associated photocarrier collection with suftfi-
ciently high near-surface electric field strength. At longer wave-
lengths (650 and 750 nm), the optical electric field intensity
extends to greater depth in the Si wafer—this indicates that a com-
bination of both diffusion and drift transport processes will be in-
volved in photocarrier collection at these wavelengths for narrow
depletion region devices as simulated in Fig. 6B. The electric field
and electric potential distributions at —1 V bias for an n-Si device
with 3 ohm-cm resistivity are simulated in Fig. 6B, using 2D finite
element analysis (FEA) modeling. The simulations from 0 V to —0.8
V bias are given in fig. $26. The simulated strong near-surface elec-
tric field (greater than 10° V/m) accounts for the ultrahigh peak
EQE (~97% at 500 nm) for the 3 ohm-cm device in Fig. 5G.

The energy band for high-resistivity Si device (3000 ohm-cm) is
simulated in Fig. 6C. A wide depletion region with tens of
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micrometers width is further evident for this device. Assuming
that there is no scattering process, the potential energy U of a gen-
erated photocarrier is converted to its kinetic energy during the low
electric field transport process. Thus, the maximum kinetic energy
that a photocarrier can acquire is dependent on its generation po-
sition. For these photocarriers generated within the depletion
region, they have a potential energy gradient wherein photocarriers
generated closer to the collecting surface have a lower potential
energy (labeled as Ugsonm t0 Usponm; the generation position is
roughly estimated by the Si absorption depth for each wavelength).
The EQE is then influenced by the wavelength-dependent photocar-
rier absorption rate and generation location. The potential energy
gradient at different wavelengths of photogeneration explains the
observations in Figs. 4E and 5E: With increasing applied bias, the
long-wavelength EQE saturates first, while the long-wavelength
EQE is generally higher than the short-wavelength EQE at small
biases. The electric potential difference between the position
where photocarriers are generated and the collecting surface is
thus a key reason why photocarriers overcome the unpassivated
surface, well explaining the observed EQE/IQE results. Hot photo-
carriers acquiring sufficiently high kinetic energy can completely
overcome the surface trap-assisted recombination for nearly 100%
extraction. Note that the case considering the lattice scattering or
photocarrier interaction would be rather complicated wherein the
practical kinetic energy distribution profile is a function of the
spatial location of photon absorption, electric field distribution,
and phonon/carrier scattering processes during transport, which
we leave as an open issue for subsequent research.

The energy band for narrow depletion region devices, simulated
in Fig. 6D, explains the results in Fig. 4 (A to D). For these devices,
photocarriers are predominantly generated outside of the depletion
region, and hence, the maximum kinetic energy that the carriers can
acquire when approaching the surface depends on the surface po-
tential. This surface potential is constant for all photocarriers gen-
erated outside of the depletion region, substantiating the nearly
constant broadband IQEs observed for all devices with narrow de-
pletion regions [from 450- to 800-nm wavelength, shown in Fig. 4
(B and D) and figs. S15C and S24D]. This also explains the strong
surface electric field effect on effective near surface-generated pho-
tocarrier collection, as observed in Figs. 4A and 5G. The strong
near-surface electric field creates a large electric potential at the po-
sition where these short-wavelength photocarriers are generated,
thus enabling nearly complete photocarrier collection.

DISCUSSION

A surface Haynes-Shockley experiment is designed and carried out
to analyze the loss of photogenerated carriers due to surface recom-
bination and, in particular, to determine the influence of the near-
surface electric field on photocarrier extraction via a simple tunable
rectifying junction. For a typical silicon unpassivated surface, we ex-
perimentally establish that when the surface electric field approach-
es a sufficiently high strength, or the energy of photocarriers
approaching the surface is appropriately high, almost all the photo-
carriers will be collected with little surface recombination loss. The
experiments and supporting analysis demonstrate the viability of
this approach to examine silicon surfaces with various light-trap-
ping morphologies. The results herein provide a general framework
to aid in the development of surface passivation, mitigation of
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Fig. 6. Optical and electrical simulations. (A) Finite-difference time-domain (FDTD) simulations of the optical electric field distribution for PhCs under the illumination
of 450- and 780-nm wavelengths. (B) 2D finite element analysis (FEA) simulations for electric field and electric potential distributions in a device integrated with PhCs. n-Si
(3 ohm-cm) is used for simulation. The simulation areas for all figures in (A) and (B) are constant with 3 um width x 10 um length. (C) 1D FEA simulation of the energy band
as a function of thickness for the biased n-Si device with a wide depletion region (3000 ohm-cm n-Si is used for simulation). (D) 1D FEA simulation of the energy band as a
function of thickness for the biased n-Si device with a narrow depletion region (3 ohm-cm n-Si is used for simulation).

photocarrier recombination loss, and implementation of optimal
light-trapping structures for the design and fabrication of high-per-
formance optoelectrical devices, as well as determining the real
photogeneration rate by collecting nearly all measurable photocar-
riers to establish the efficacy of various light-trapping designs.

MATERIALS AND METHODS

Random pyramid fabrication

The random pyramid fabrication was as follows: As-received Si
wafers were dipped in 2% hydrofluoric acid (HF) for 2 min to
remove the native oxide. Potassium hydroxide (KOH) and isopropyl
alcohol were mixed with deionized water at a ratio of 4:5:91 as an
etchant. The wafers were then dipped in the etchant for 20 min at
70°C to produce the random pyramids. An RCA cleaning process
was conducted after random texturing.

PhC fabrication

The fabrication process for PhCs was as follows: First, 200-nm
thermal oxide was grown on both sides of the wafers. Then, UV
photolithography was used to pattern an array of square openings
onto the oxide wafers. The samples were then dipped in buffered
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oxide etchant (BOE; 6:1) to etch the oxide all the way down to
the Si surface. Subsequent anisotropic etching in KOH solution
(30%) was conducted at 75°C to create inverse pyramid structures.
Nanometer-scale mesas for adjacent inverse pyramids were realized
by changing the etching time. After KOH etching, the thermal oxide
was removed by another BOE dipping step.

ITO thin-film deposition

The sputtering chamber (Kurt J. Lesker) was pumped down to a
pressure below 10~ torr before every deposition. A shadow mask
was used to define the contact region. A 30-min pre-sputtering was
conducted before the sample deposition. During deposition, 100-
SCCM (standard cubic centimeter per minute) gas flow with
various Ar to O, ratios was applied. A 5-mtorr pressure and a
100-W radio frequency (RF) power were set for deposition at
room temperature. A quartz monitor was used to record a constant
deposition thickness for all devices.

Device fabrication

All Si wafers used in this work are n-type phosphorus doped, <100>
orientation, and double-side polished. For Si wafers with ~3
ohm-cm resistivity, devices in Fig. 5G explored Czochralski (CZ)
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Si with 400 um thickness, while all the other devices explored float
zone (FZ) Si with 290 pum thickness. The ~3000 ohm-cm wafer is FZ
Si with 400 pum thickness. The ~0.3 ohm-cm wafer is CZ Si with 200
pm thickness. The device fabrication process began with 4-inch
wafers. Two different surface morphologies were investigated. The
first set of samples was “as-received” wafers, where the native oxide
was kept without any surface treatment to maintain the original Si
surface states. The second set of samples was integrated with
random pyramid and wave interference PhC light-trapping struc-
tures, for which native SiO, growth was conducted by exposing
samples to air before ITO deposition. ITO thin film with various
O, flow ratios was deposited as a top rectifying contact,
and ~300-nm Al was deposited on the backside of the sample to
form an ohmic contact. No posttreatment was conducted after Al
deposition.

Device surface and material characterization

SEM characterizations in Fig. 5B and fig. S18 were performed by a
Q250FEG SEM. SEM images in fig. S20 were taken by Hitachi SU-
8230. The HRTEM images were taken by Hitachi HF-3300. The
surface morphology for ITO thin films and random pyramids was
measured by Dimension Icon AFM (Bruker). The work function
and the resistivity/carrier concentration of ITO thin films were de-
termined by UPS (Thermo Fisher Scientific) and a Hall effect
system (Nanometrics), respectively.

Optical characterization

The reflection, transmission, and absorption were measured with a
UV-Vis spectrometer (Lambda PerkinElmer 1050). ITO thin films
were deposited on a quartz substrate for transmission measurement.

Optoelectronic characterization

Current-voltage and capacitance-voltage properties were deter-
mined by a semiconductor analyzer (Keithley, 4200) with samples
fixed onto a shielded probe station (MPI Corporation). The EQE
was measured by a QE-R system (Enlitech).

Optical simulation

A 3D FDTD simulation was conducted using a commercial software
(Lumerical FDTD). A proper meshing rate was set to balance the
simulation load and accuracy. The perfectly matched layer boun-
dary condition was set for the vertical z direction, while periodic
boundaries were set for the x and y directions. A plane light
source was used for illumination. The 2D cross-sectional distribu-
tion of the electric field was obtained for various wavelength
illuminations.

Electrical simulation

The electric field distribution under various applied voltages was
determined by 1D and 2D FEA simulations (semiconductor
physics module, COMSOL Multiphysics).
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