
ARTICLE OPEN

Passivation of InP solar cells using large area hexagonal-BN
layers
Vidur Raj1,6✉, Dipankar Chugh1,6, Lachlan E. Black2, M. M. Shehata2, Li Li 3, Felipe Kremer4, Daniel H. Macdonald2,
Hark Hoe Tan1,5✉ and Chennupati Jagadish1,5

Surface passivation is crucial for many high-performance solid-state devices, especially solar cells. It has been proposed that 2D
hexagonal boron nitride (hBN) films can provide near-ideal passivation due to their wide bandgap, lack of dangling bonds, high
dielectric constant, and easy transferability to a range of substrates without disturbing their bulk properties. However, so far, the
passivation of hBN has been studied for small areas, mainly because of its small sizes. Here, we report the passivation characteristics
of wafer-scale, few monolayers thick, hBN grown by metalorganic chemical vapor deposition. Using a recently reported ITO/i-InP/
p+-InP solar cell structure, we show a significant improvement in solar cell performance utilizing a few monolayers of hBN as the
passivation layer. Interface defect density (at the hBN/i-InP) calculated using C–V measurement was 2 × 1012 eV−1cm−2 and was
found comparable to several previously reported passivation layers. Thus, hBN may, in the future, be a possible candidate to
achieve high-quality passivation. hBN-based passivation layers can mainly be useful in cases where the growth of lattice-matched
passivation layers is complicated, as in the case of thin-film vapor–liquid–solid and close-spaced vapor transport-based III–V
semiconductor growth techniques.

npj 2D Materials and Applications            (2021) 5:12 ; https://doi.org/10.1038/s41699-020-00192-y

INTRODUCTION
At the semiconductor surface, abrupt termination of the lattice
can lead to defect states (called surface defect states) within the
semiconductor bandgap. These surface defect states can sig-
nificantly impair the working of semiconductor devices, such as
solar cells. Passivation is a method for reducing recombination
through these surface defect states and is one of the most
fundamental requirements for achieving high-efficiency solar cells.
In conventional III–V solar cells, epitaxially grown, lattice-matched
III–V materials allowed very high-quality passivation1. However,
most of these lattice-matched wide bandgap III–Vs are only
available for GaAs. Although high-efficiency InP solar cells have
been realized using lattice-matched InGaAs and InAlAs passivation
layers, when used at the front, both of these materials have a
sizeable parasitic absorption due to low bandgaps2–5. The lack of a
wide bandgap passivation layer for InP has significantly impeded
its development compared to that of GaAs solar cells1.
Other than epitaxial passivation layers, a substantial amount of

work has also been done to find suitable non-epitaxial passivation
layers (mainly high k-dielectric), including but not limited to Al2O3,
Gd2O3, LaF3, ZnO, ZnS, GaS, SiO2, MgO, Ta2O3, POx, Si3Nx, etc.

1,6–10.
Many of these dielectric materials have been shown to function as
suitable passivation layers; however, in most cases, controlled and
reproducible formation of high quality and defect-free passivation
layer remains a challenging task11. Also, most of the work is
reported for III–V transistors with very few reports on high-
efficiency III–V solar cells, using dielectric passivation.
On the other hand, pristine 2D materials, in particular,

hexagonal boron nitride (hBN) possess many desirable attributes,
which makes them an ideal passivation layer. For instance, hBN

and other 2D materials lack dangling bond and can be transferred
to a range of substrates without disturbing its bulk properties11,12.
Also, hBN has a wide bandgap, high chemical and thermal
stability, and high dielectric constant (~2.4), which makes it ideal
for surface passivation13. So far, the most pristine form of hBN is
obtained through mechanical exfoliation from bulk crystals;
however, the lateral size of exfoliated flakes is limited to only a
few tens of microns, which severely limits the scalability and large
area application of hBN. Therefore, new methods such as chemical
vapor deposition (CVD), metalorganic chemical vapor deposition
(MOCVD), and physical vapor deposition (e.g., DC magnetron
sputtering) are being investigated to achieve large area hBN11,14.
hBN has recently been used as a passivation layer in silicon,

GaAs, chalcogenide, organic, and 2D transition metal
chalcogenides-based solar cells13,15–19. However, in most of these
cases, hBN used were very small in size, which is not practical for
real solar cells application. In this study, we extend the application
of hBN films for the passivation of InP-based solar cells.
Centimeter-size MOCVD-grown hBN films were transferred onto
InP to study their passivation effect. We show that MOCVD-grown
hBN can successfully passivate i-InP/p+-InP solar cells to reduce
the dark current, as well as the reverse leakage current by orders
of magnitude, leading to a better performance of the device. The
cells passivated with hBN has a Voc of >800mV, in comparison to
720mV for unpassivated i-InP/p+-InP device. We also investigate
the effect of hBN film thicknesses and demonstrate that while a
thinner hBN is required to achieve a sufficiently high Jsc, a thicker
hBN film leads to better passivation and higher Voc. External
quantum efficiency (EQE) measurement of hBN passivated solar
cells clearly show a significantly improved (~20%) response in the
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blue region of the solar spectrum, thereby confirming the
passivation of the solar cells in the presence of hBN monolayers.
The passivation due to hBN is further corroborated by double
diode fitting and analysis of the dark IV curves. To gain further
insight into the passivation effects of hBN, ultraviolet photoelec-
tron spectroscopy (UPS) and C–V measurements were performed.
Based on the analysis of our results, we postulate that the
effectiveness of hBN as a passivation layer is a combined effect of
direct quantum mechanical tunneling and interface charge
transfer. We also discuss the electron selectivity of hBN.

RESULTS AND DISCUSSION
hBN characterization
Before and after transferring hBN on InP for device fabrication, we
performed some basic characterizations of our hBN samples, as
shown in Fig. 1. Figure 1a shows an optical micrograph of 7 ML
hBN transferred onto SiO2/Si substrate. The hBN covered region
can be easily identified due to the difference in its refractive index
with air. The thickness of the hBN film was measured using atomic
force microscope (AFM). Figure 1b, c respectively shows the
thickness of 5 and 7ML hBN films measured along the step edge,
using AFM linescans. Raman spectra of 5 and 7ML hBN films are
shown in Fig. 1d. The peak at 1368 cm−1 corresponds to the E2g
vibrational mode of the sp2 bonded boron nitride20, and its
intensity increase with film thickness. Furthermore, prior to device
fabrication, the successful transfer of hBN onto the InP substrate
was also confirmed using x-ray photoelectron spectroscopy (XPS).
Figure 1e, f shows the spectrum corresponding of B-1s and N-1s
core levels at 190.6 and 398.2 eV, respectively, which confirmed
the presence hBN on InP.

Solar cell IV and EQE characterization
Figure 2 shows a 3D schematic and the cross-sectional transmis-
sion electron microscopy (TEM) images of the solar cell. To assess
the performance of hBN as a passivation layer, IV (light and dark)
and quantum efficiency measurements were performed on InP
solar cells with and without hBN. For both 5 and 7ML hBN
passivated samples, we fabricated three devices, and the results
were highly reproducible. Figure 3a shows IV characteristics of the
hBN-InP solar cell @ 1 sun. It is quite evident from the figure that
the introduction of hBN significantly improves both the Voc and Jsc
of the solar cell, while also improving its fill factor. The maximum
efficiency of 17.2% was obtained for 5 ML hBN with a Voc of 0.78 V,
Jsc of 29.4 mA cm−2 and a FF of 75.2%. The efficiency of InP solar
cell with 7 ML hBN was measured to be 15.7% with a Voc, Jsc, and
FF of 0.8 V, 27.1 mA cm−2, and 72.1%, respectively. This clearly
shows that a thicker hBN gives a slightly higher Voc, but
significantly lower Jsc suggesting that the hBN must not be too
thick to achieve optimum performance of the device. In
comparison to both 5 and 7ML passivated InP solar cells, the
efficiency of unpassivated ITO/i-InP/p-InP remains significantly
lower at 11.5% with a Voc of 0.72 V, Jsc of 27.4 mA cm−2, and a FF
of 58.6%. Here, we would like to mention that for the MOCVD-
grown hBN films, it has been shown that for the continuous
coverage over the entire 2 in. sapphire substrate, a minimum
growth time of 1 h was necessary20. This growth duration resulted
in hBN films with a thickness of 5 ML. Hence in the present study,
hBN films thinner than 5 ML could not be obtained. Nonetheless,
in the future, it will be exciting to see if monolayers <5 ML can also
provide sufficiently high passivation to achieve high efficiency. As
expected, the lower Voc and Jsc for unpassivated ITO/i-InP/p-InP
solar cells are mainly due to interface recombination and are
consistent with previously reported results1,5.

Fig. 1 Characterization of 2D hBN thin film. a Optical micrograph of hBN monolayer transferred onto a SiO2/Si substrate for AFM and Raman
characterization. AFM results of b 5 ML and c 7ML hBN. The scanned height variation of the film is shown below the AFM image. d Thickness-
dependent Raman intensity of the hBN layer. XPS spectra of e B-1s and f N-1s of the hBN layer transferred onto InP.
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Fig. 3 IV and EQE of solar cells. Comparative a IV @ 1 sun, b EQE, and c dark IV for the solar cells with and without hBN layer.

Fig. 2 3D schematic and TEM of device structure. a A schematic showing different layers of the solar cell. b A cross-sectional transmission
electron microscope (TEM) image of the solar cell showing the different layers (scale bar: 200 nm). c A magnified TEM image showing 2.55-nm
thick hBN sandwiched between ITO and i-InP (scale bar: 20 nm). Inset shows the layered structure of hBN.
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The EQE of a solar cell is a function of wavelength and is a direct
measure of its Jsc. It can be written as a ratio of the number of
photogenerated electrons collected to the number of photons of
a given wavelength or energy incident onto the device:

EQE λð Þ ¼ Iph
e:Φp

¼ Iph
e

hυ
Popt

� �
(1)

where, Iph is the measured current in short-circuit condition when
illuminated with light of frequency, υ and optical power, Popt, e is
the electronic charge, h is the Planck’s constant, and Φp is the
photon flux. The EQE calculated is related to Jsc of a solar cell using
Eq. (2).

Jsc EQEð Þ ¼ R λ2λ1 qλ
hc fEQEðλÞ:AM1:5G λð Þgdλ (2)

where Jsc is the short-circuit current calculated for EQE measured
between λ1 and λ2. Using Eq. (2), the Jsc calculated for the
unpassivated device is 26.7 mA cm−2, whereas the Jsc calculated
for 5 ML and 7ML passivated samples are 28.9 and 27.1 mA cm−2,
respectively. As expected, the calculated Jsc is very close to the Jsc
measured using light generated IV curve shown in Fig. 3a.
Moreover, because the different wavelength of light is absorbed

in different regions of the solar cell, wavelength-dependent EQE
can provide information about optoelectronic losses in the
different regions of the device. In particular, the smaller
wavelength light is absorbed in the topmost part of the absorber
layer, and the quantum efficiency in this regime reflects the losses
due to surface recombination. Figure 3b shows measured EQE as a
function of wavelength. It can be seen that there is a significant
improvement in the EQE of the solar cell after 5 ML hBN
passivation in the lower wavelength region, i.e., between 350
and 600 nm. An improvement of ~20% of EQE at the lower
wavelength region for 5 ML hBN passivated samples in compar-
ison to the unpassivated samples, indicate a significant reduction
in front surface recombination. Moreover, similar to 5 ML
passivated samples, 7 ML passivated samples also show better
EQE in the lower wavelength regime compared to unpassivated
samples, and a slightly higher EQE near 350 nm in comparison to
5 ML hBN passivated samples, suggesting slightly better passiva-
tion than 5 ML passivated samples. However, its overall quantum
efficiency is lower than that of 5 ML hBN due to reduced tunneling
(as discussed later), with increased hBN thickness leading to a
lower charge carrier collection, and Jsc according to Eqs.(1) and (2).
Dark IV characteristics of a solar cell provide several useful

information about device behavior in terms of recombination
current, ideality factor, reverse leakage current, and series and
shunt resistances. The dark experimental IV of a solar cell can be
fitted almost accurately using Eq. (3) below to derive parameters
such as J01, J02, n1, n2, Rs, and Rsh (ref. 10).

J ¼ J01 exp
qðV � JRsÞ

kT

� �
þ J02 exp

qðV � JRsÞ
n2kT

� �
þ V � JRs

RShunt
(3)

In Eq. (3), the parameters, J01 and J02, respectively, denote dark
current due to diffusion and recombination in the depletion
region, whereas, n1 and n2, denote the ideality factor of diodes,
and Rs and Rsh denote the series and shunt resistances,
respectively. Table 1 compares fitting parameters of three
different samples, and it is quite apparent that for all the samples,
J01 is almost similar, which signifies that the recombination in bulk
is identical in all the samples. However, J02 is nearly an order of
magnitude lower for hBN passivated samples compared to the
unpassivated sample. This is primarily due to the passivation effect
of hBN layer, which modifies the carrier transport across i-InP/ITO
interface (as discussed later), and reduces the recombination in
the depletion regions. Also, all the solar cells have very high series
and low shunt resistance that is also reflected in the lower fill
factor of the devices. Assuming a double diode model, the fill
factor loss due to series (ΔFFRs ) and shunt resistances (ΔFFRsh ) can

be given by Eq. (4) (ref. 21).

FF0 ¼ FFþ J2mppRs
VocJsc

þ Vmpp þ JmppRs
� �2

RshVocJsc
(4)

ΔFFRs ¼ J2mppRs
VocJsc

(5)

ΔFFRsh ¼
Vmpp þ JmppRs
� �2

RshVocJsc
(6)

In the above equation, FF0 denotes the fill factor of the
resistance-free cell and ΔFFRs and ΔFFRsh , respectively, denote the
fill factor loss due to series and shunt resistances. Moreover, in
addition to resistances, recombination in the depletion region can
also lead to lower fill factor. To calculate loss due to depletion
region recombination, we firstly need to calculate an upper limit
of fill factor for the cell, which can be given using an analytical
equation proposed by Green22.

FFJ01 ¼ voc � ln voc þ 0:72ð Þ
voc þ 1 (7)

where

voc ¼ q
nkT

Voc

Combining Eqs. (7) and (4), the fill factor loss due to
recombination in the depletion region is simply the difference
between FFJ01 and FF0. Moreover, using Eq. 7, the upper limit of
the fill factor (FFJ01) for both passivated and unpasssivated
samples come out to be >85%. For 5 ML hBN passivated samples,
the fill factor loss due to series and shunt resistance comes out to
be 4.1% and 0.1%, respectively, whereas the J02 recombination
loss is ~6.3%. For 7 ML hBN passivated samples, with an increased
thickness of hBN, series resistance increases slightly, leading a
slightly higher series resistance loss. However, as expected, fill
factor loss due to shunt resistance and J02 recombination is almost
similar to 5 ML passivated samples. Most importantly, for
unpasssivated samples, the most prominent fill factor loss
mechanism is the recombination loss due to J02 current, which
is consistent with the results discussed earlier.

UPS and band alignment
To better understand the effect of hBN on the hBN/i-InP interface,
we performed UPS measurements on ITO, i-InP, and hBN/i-InP. The
UPS spectra for samples with and without hBN are plotted in Fig.
4a, with binding energy (B.E.) on the x-axis and intensity on the y-
axis. Before every measurement, the instrument was calibrated
against a standard silver sample and the valence band maxima
(VBM) was calculated by extrapolating the valence band
contribution to the B.E. axis. The work function of the samples
was calculated using the following equation:

ϕ ¼ hυ� Ecut�off � EFermið Þ (8)

where hυ = 21.2 eV for He-I line, Ecut�off is calculated by

Table 1. Dark IV fitting parameters for the three types of solar cells
investigated in this study.

Only ITO 5ML hBN 7ML hBN

J01 (A cm−2) 1.1 × 10−17 2 × 10−16 8 × 10−16

J02 (A cm−2) 2.2 × 10-8 1.2 × 10−9 3 × 10−9

n1 1 1 1

n2 2.3 2.1 2.3

Rsh (Ω cm2) 1 × 103 6 × 104 3 × 104

Rs (Ω cm2) 3.56 1.9 2.46
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extrapolating the secondary electron onset to the x-axis, and EFermi

is the corrected Fermi level. Because we calibrated the Fermi level
before every measurement (using an Ag sample), for work
function calculation, we assume EFermi = 0. Using Eq. (8), the
work function of ITO and i-InP were calculated to be 4.8 and
5.1 eV, respectively. Surprisingly, there was no significant change
in the work function of i-InP before and after hBN transfer, as
shown in Fig. 4a. However, there was a shift in VBM of i-InP after
hBN transfer. Figure 4b shows the magnified valence band region
of the i-InP, with and without hBN. The VBM of i-InP moves by
almost 0.27 eV toward the Fermi level in the presence of hBN.
Based on UPS results, we draw a band diagram shown in Fig. 4c. It
is quite evident in the band diagram that there is an accumulation
of electrons at the hBN/i-InP interface, which has an important
consequence toward reducing the interface recombination and
increasing the selectivity of electrons, as discussed later in the
passivation mechanisms section.

Passivation mechanism
To further corroborate the observed passivation at the hBN/i-InP
interface, high-frequency (100 kHz) capacitance–voltage (C–V) mea-
surements were performed on Au/ITO/hBN/i-InP/n-InP test structures,
where ITO and Au were deposited through a shadow mask to form
circular gate contacts. Interface state density (Dit) was extracted via
the method of Terman (see Fig. 5)23, and similar energy-dependent
interface state density was observed both 5 and 7ML hBN passivated
samples, with a Dit of 2–3 × 1012 eV−1 cm−2 at midgap. This compares
favorably with reports for other passivating 3D thin films on InP, as
compared in Table 2. However, unlike 3D passivation layers, the
passivation in the case of 2D hBN is not due to the passivation of
dangling bonds. Based on previous reports, we postulate that 2D hBN
passivates the surface defects through the transfer of charges from

surface defects states to hBN, which renders them electronically
inactive and reduces electronically active interface defect density24.
Although C–V measurement provides evidence of hBN passiva-

tion, it does not provide the reasoning for thickness-dependent
hBN passivation, as evidenced in IV and EQE measurements. To
further explain thickness-dependent hBN passivation and electron
selectivity, we discuss the mechanism of charge carrier tunneling

Fig. 4 UPS and band alignment of the solar cell. a Comparative UPS spectra of i-InP with and without hBN monolayer. b Magnified valence
band contribution of the UPS spectra of i-InP with and without hBN layer. c Band diagram drawn using UPS data to show the band bending at
the interface of hBN/i-InP.

Fig. 5 Interface defect density at InP/hBN interface. The energy-
dependent interface state density extracted for the hBN films of
different thickness from high-frequency (100 kHz) C–V measure-
ments. Note that the apparent dip/minima between 0 and 0.4 eV is
an expected artifact of the extraction method and should be
ignored. Dit at the intrinsic Fermi level Ei is ~2 × 1012 eV−1 cm−2 in
both cases, and slightly higher at midgap (~37meV <Ei for InP at
room temperature).
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across hBN monolayers. Almost all quantum mechanical tunneling
equation is an extension of standard Fowler–Nordheim (FN)
tunneling equation, which in its simplest form is given by:

JFN ¼ A � m�
ox

ϕb
� Foxj j2�exp �B � ϕbð Þ32

Fox

� 	
(9)

where, A, B, and Fox are given as follows:

A ¼ q3

8πh

Fox ¼ Vox
tox

B ¼ 8π
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 �m�

ox

p
hq

 !

In the above equation, Vox is the voltage across the dielectric,
ϕb is the effective barrier height, and m�

ox is the effective electron
mass in the dielectric layer (hBN). FN tunneling equation mainly
predicts that the tunneling current in the presence of a
sufficiently high electric field, depends exponentially on the
barrier height to the power 3/2. However, the FN equation is only
applicable to the triangular tunnel barrier, which mainly occurs
when Vox > ϕb. In the current case, we are mainly interested in
the low voltage regime, i.e., Vox < ϕb, where most current flow
across hBN through direct tunneling. Most recently, Lee and Hu
proposed a modified FN model to calculate the direct tunneling
current (Ji) (Eq. 10)

25.

Ji ¼ A
qεoxϕi;ox

� C V ; Vox; tox; ϕi;ox

� � � exp � B ϕi;oxð Þ32
Foxj j � 1� 1� Voxj j

ϕi;ox

� �3
2

� �( )

(10)

The most significant difference between Eqs. (9) and (10) is that
they introduce a correction factor C V ; Vox; tox;ϕi;ox

� �
given by:

C V ; Vox; tox; ϕi;ox

� � ¼ exp � 20
ϕi;ox

Voxj j�ϕi;ox

ϕi;ox
þ 1

� �αi;ox � 1� Vox
ϕi;ox

� �h i
� V
tox
� N
(11)

where, i ¼ ECB or HVBð Þ are the indexes to define tunneling of an
electron from the conduction band (i= ECB) or tunneling of holes
from the valence band (i= HVB), N is the density of carriers in the
inversion or accumulation layer, and αi;ox is a fitting parameter.
The exponential term associated with the correction factor
accounts for secondary effects and only affects the curvature of
tunneling characteristics. But, one of the benefits of using Lee and
Hu’s equation is that it directly correlates the tunneling current
with the accumulation and inversion of carriers, and the
conduction and valence band offsets of i-InP/hBN (please see
Fig. 6). Overall, Eqs. (9) and (10) respectively show that the
tunneling current at any given voltage is inversely proportional to
the thickness of the dielectric layer and band offsets, and is
directly proportional to the charge carrier density at the dielectric/
semiconductor interface (hBN/i-InP). Therefore, in the present

scenario, a thinner hBN layer provides higher Jsc compared to
thicker hBN films. At the same time, with increased thickness of
the hBN layer, the tunneling current of holes (minority carrier) will
also be reduced along with electrons, which will reduce the front
contact recombination and lower the dark current, leading to a
higher Voc for thicker hBN compared to a thinner film.
In addition to the passivation layer, hBN may also be acting as a

selective contact. Previously, tunnel barriers have also been used
as selective contacts26–28. For solar cells using dielectric as
selective contact, Peibst et al. showed that under first-order
approximation, the contact resistance ρc (determined by majority
carrier flow), and the dark current J0 (determined by minority
carrier flow) are proportional to the transmission of electrons and
holes25. Assuming a rectangular dielectric barrier (as shown in
Fig. 6) and ignoring the image charge effects, we can write the
ratio for electrons and holes tunnel probabilities as follows26:

Te
Th

/
exp �tox

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

ox;e

�h2
ϕECB

q� �

exp �tox

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

ox;h

�h2
ϕHVB

q� � (12)

In the above equation, Te and Th are electrons and holes
tunneling probabilities, respectively, tox is the thickness of the
dielectric layer, m�

ox;e and m�
ox;h are the effective mass of electrons

and holes in the dielectric, respectively. The mass of electrons and
holes in 2D hBN is similar at ~0.54m0 (ref. 29). Therefore, for a
given thickness of hBN, selectivity toward electrons or holes is
solely decided by the barrier height. Therefore, when there is an
accumulation of electrons at the semiconductor/hBN interface (as
in the current case), the barrier height for electron tunneling
reduces, and hBN acts as an electron selective. In contrast, when
there is an accumulation of holes at the interface, it will become
selective to holes. This is why hBN has previously been reported to
act as both electron and hole selective contacts depending on
whether there is of electron or hole accumulation at the hBN/
semiconductor interface30.

Table 2. Comparison of hBN passivation with other 3D passivation
layers.

Passivation layer Interface defect density (eV−1 cm−2) Reference

2D hBN 2 × 1012 Present work

Al2O3 2.6 × 1012 25

HfO2 5.4 × 1012 25

TiO2 1.6 × 1012 26

SiO2 5 × 1012 27

SiNx >1 × 1012 28

Fig. 6 Depiction of direct tunneling mechanism under interface
charge carrier accumulation and depletion. A band diagram
depicting the direct quantum mechanical tunneling from i-InP to
ITO. Primarily two tunneling components can be calculated using
Eq. (10): electron tunneling current from the conduction band (JECB),
and hole tunneling from the valence band (JHVB). ϕECB is the barrier
height for electron tunneling from the i-InP conduction band with
ITO, and ϕHVB is the barrier height for holes tunneling from the i-InP
valence band to ITO. Because ϕECB < ϕHVB, and there is an
accumulation of electrons at the interface, JECB≫ JHVB.
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METHODS
hBN growth and characterization
The hBN films were grown on commercially available 2 in. sapphire substrate
using MOCVD, as described in ref. 14. The thickness of the films was
controlled by varying the growth time. Although several different thicknesses
of hBN were investigated for passivation, to keep our discussion concise, here
we only discuss the results from two different hBN films with a thickness of
~1.65 and ~2.15 nm corresponding to five and seven monolayers of hBN
(also referred to as 5ML and 7ML), respectively.
For the passivation of the InP surface, cm-size hBN films were transferred

from sapphire to InP using the methods described in ref. 20. First, the
sapphire substrate (with hBN) was broken into cm-size pieces. Thereafter,
PMMA was spin-coated onto the hBN/sapphire substrate and baked on a hot
plate to remove excess solvent. The hBN layer was then floated in a 2% HF
acid bath. The acid wetted the hBN–sapphire interface and etched the
sapphire substrate laterally. After a short time, the hBN layer separated from
the sapphire and floated on the surface of the HF bath. Subsequently, the
floating hBN–PMMA stack was fished out of the solution and washed several
times in deionized (DI) water to remove any residual HF. The hBN–PMMA was
then carefully refloated on the surface of a DI water bath and then
transferred onto the InP substrate. The samples were allowed to dry under
ambient for a few hours. Finally, PMMA was removed in acetone. Using the
same process, the hBN–PMMA stack was also transferred on to a planar SiO2/
Si substrate for further characterization. After removing the PMMA layer, the
transferred hBN films were characterized using AFM and Raman spectro-
scopy. Finally, cross-sectional TEM lamella was prepared by focused ion beam
milling using FEI’s Helios 600 NanoLab, and high-resolution TEM was
performed with a JEOL 2100 F instrument.

Device fabrication and characterization
A 3D schematic and the cross-sectional TEM images of the solar cell are shown
in Fig. 1. It consists of back ohmic contact of low resistance, a p+-InP base, an i-
InP absorber layer, a hBN layer, an ITO layer, and a metal contact over ITO. The
device fabrication started with the epilayer growth of 2 microns thick i-InP on a
p+-InP wafer. Next, a Zn/Au (20 nm/100 nm) metal contact layer was
evaporated on the back of the p+-InP substrate, followed by annealing at
400 °C in forming gas (5% H2:95% N2) for 40min to create a low resistance
back contact. Next, MOCVD-grown hBN was transferred onto the InP substrate,
as described above. The hBN adhered to the InP through van der Waals
bonding and remains unaffected during further processing of the samples.
Thereafter, ITO was sputter-deposited on top of the hBN using conditions
reported in ref. 5 Finally, a 500-nm thick silver is evaporated through a shadow
mask to form the top contact. For comparison, an InP solar cell without hBN
layer was also fabricated in parallel under identical processing conditions.
The device characterization started with the confirmation of the

successful transfer of hBN on InP using XPS. To understand the band
bending at the interface of ITO/hBN/i-InP, UPS measurements were
performed on i-InP, hBN/i-InP, and ITO. The IV characteristics of the devices
were obtained using an Oriel solar simulator and IV test station, under the
1-sun @ air mass 1.5 G (at 25 °C) and in the dark. Before every
measurement, the solar simulator was calibrated to 1-sun @ air mass
1.5 G (at 25 °C), using a standard test sample provided by the
manufacturer. The dark IV curve was fitted using the double diode
equation to study the effect of hBN passivation. The algorithm used for
fitting was based on the work of Suckow et al.21,22. The EQE of the sample
was measured at room temperature using a quantum efficiency setup from
Oriel. Similar to the solar simulator, the EQE setup was calibrated using a
commercially available test sample obtained from the manufacturer.

DATA AVAILABILITY
The data used in this study are available upon request from the corresponding
author V.R.
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