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The energy-band alignment of epitaxial zb-ZnS(001)/a-Zn3P2(001) heterojunctions has been

determined by measurement of shifts in the phosphorus 2p and sulfur 2p core-level binding

energies for various thicknesses (0.6–2.2 nm) of ZnS grown by molecular beam epitaxy on Zn3P2.

In addition, the position of the valence-band maximum for bulk ZnS and Zn3P2 films was estimated

using density functional theory calculations of the valence-band density-of-states. The

heterojunction was observed to be type I, with a valence-band offset, DEV, of �1.19 6 0.07 eV,

which is significantly different from the type II alignment based on electron affinities that is

predicted by Anderson theory. nþ-ZnS/p-Zn3P2 heterojunctions demonstrated open-circuit voltages

of >750 mV, indicating passivation of the Zn3P2 surface due to the introduction of the ZnS

overlayer. Carrier transport across the heterojunction devices was inhibited by the large

conduction-band offset, which resulted in short-circuit current densities of <0.1 mA cm�2 under 1

Sun simulated illumination. Hence, constraints on the current density will likely limit the direct

application of the ZnS/Zn3P2 heterojunction to photovoltaics, whereas metal-insulator-

semiconductor structures that utilize an intrinsic ZnS insulating layer appear promising. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4759280]

Deployment of photovoltaics (PV) on the terawatt scale

will require a low-cost, earth abundant, solar absorber with

excellent optoelectronic properties. Zinc phosphide (a-

Zn3P2) has a nearly optimal, direct band gap of 1.50 eV and

a high visible-light absorption coefficient (>104 cm�1) near

the band edge.1,2 Zn3P2 has also been reported to have a long

(>5 lm) minority-carrier diffusion length as well as passive

grain boundaries.3,4 These properties, in addition to the

abundance of elemental zinc and phosphorus, make Zn3P2

promising for scalable thin-film photovoltaic applications.

The intrinsically p-type nature of Zn3P2 has led to a

focus on Mg-Zn3P2 “Schottky” type photovoltaic cells,

which have been reported to produce solar energy-

conversion efficiencies of 6% and 4.3% for bulk and thin

film devices, respectively.3,5 The efficiency of these devices

was limited by absorption and reflection from the Mg metal

rectifying contact, by uncontrolled reaction/diffusion of the

Mg into the Zn3P2 bulk,6 and by a resulting high density of

trap states at the Zn3P2 surface7 which caused Fermi-level

pinning in the device and hence produced low open-circuit

voltages (VOC). Heterojunction devices based on p-Zn3P2

absorbers include ZnO, Sn-doped In2O3 (ITO), CdS, or ZnSe

as n-type emitters.8–11 Heterojunction-based Zn3P2 devices

have however exhibited relatively low VOC’s, of �600 mV,

and solar energy-conversion efficiencies of �2%. The low

VOC values can be attributed to poor band alignment between

the emitter and the absorber layers and/or to inadequate

interface passivation. Hence, fundamental studies of the

band alignment of Zn3P2 with n-type semiconductor materi-

als and the resulting impact that the band alignment may

have on carrier transport, surface passivation, and device

performance are important to the design of improved Zn3P2

heterojunction systems.

Desirable attributes of a heterojunction emitter partner for

Zn3P2 include an n-type material that has a proper type I band

alignment as well as a small conduction-band offset with

Zn3P2. Zn3P2 has a low electron affinity (v) of 3.6 eV,12 and

thus optimally requires a heterojunction partner that also has a

low v value. ZnS has a reported v of 3.9 eV (Ref. 13) and is

comprised of earth abundant elements. High levels of n-type

doping in ZnS (n> 1� 1019 cm�3) have been achieved

through non-equilibrium growth techniques that enable the

incorporation of extrinsic dopants comprised of either group

III or group VII elements.14–16 ZnS has also exhibited excel-

lent surface passivation in heterojunctions with other semicon-

ductors, including Si, Cu(In,Ga)Se2, CdTe, and GaAs.17–20

Anderson band alignment theory21 predicts a valence-band

offset (DEV) and a conduction-band offset (DEC) of roughly

�2.5 eV and �0.3 eV, respectively, for a ZnS/Zn3P2 hetero-

junction. However, the actual band offsets often deviate from

the ideal values,22 thus highlighting the need for direct mea-

surement of the energy-band alignment.

We report herein the energy-band alignment of zb-

ZnS(001)/a-Zn3P2(001) heterojunctions grown by molecular

beam epitaxy (MBE). The value of DEV was determined using

the method of Kraut et al. from high-resolution x-ray photo-

electron spectroscopy (XPS) measurements according to23

DEV ¼
�

EZnS
CL � EZnS

VBM

�
�
�

EZnP
CL � EZnP

VBM

�
� DECL;i; (1)

where the first two components of Eq. (1) represent the

core-level (CL) to valence-band maximum (VBM) energy

a)Author to whom correspondence should be addressed. Electronic mail:

jbosco@caltech.edu.
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difference measured on the bulk ZnS and Zn3P2 surfaces,

respectively. In this analysis, the S 2p and P 2p core-levels

were used for ZnS and Zn3P2, respectively. DECL,i represents

the energy difference between the S 2p and P 2p core-levels

measured on an ultrathin ZnS/Zn3P2 heterojunction interface.

From the value of DEV, the corresponding value of DEC was

then calculated from the reported values for the band gaps of

both of the materials that comprise the heterojunction of

interest.

Compound-source epitaxy of Zn3P2 and ZnS was per-

formed in an ultrahigh vacuum chamber with an ultimate

pressure of <2� 10�10 Torr.16,24 Standard Knudsen effusion

cells were used as compound sublimation sources for both

Zn3P2 and ZnS. Epi-ready, Zn-doped (>1� 1018 cm�3),

p-type GaAs(001) single crystal wafers (AXT) were used as

an epitaxial substrate. GaAs substrates of 1 cm2 were

mounted with In to a Cu chuck. The substrate was then

degassed at 350 �C for 1 h in vacuum. The GaAs native oxide

was removed at 450 �C by a �5 min exposure to a RF-

generated atomic hydrogen flux.25 Film growths were

performed at a substrate temperature of 200 �C. Thick

films of Zn3P2 and ZnS (>150 nm), denoted as “bulk Zn3P2”

and “bulk ZnS,” were grown directly on the H-treated

GaAs surfaces. The doping levels in the bulk films were

p� 1� 1015 cm�3 and n� 1� 1017 cm�3 for Zn3P2 and ZnS,

respectively. A series of ultrathin heterojunctions was fabri-

cated by growth of a thick layer of Zn3P2 followed by growth

of several monolayers of intrinsic ZnS. These structures are

denoted herein by the ZnS film thickness. Hence a 0.6 nm

ZnS film grown on Zn3P2 is denoted as 0.6 nm ZnS/Zn3P2.

XPS data of the P 2p, S 2p, and valence-band region

(including the Zn 3d core-level) for each sample were

obtained with monochromatic 1486.7 eV x-rays from a Kra-

tos surface science instrument. Photoelectrons were collected

at 0� from the surface normal with a detection linewidth of

<0.26 eV. All spectra were processed using a “Shirley”-type

baseline subtraction.26 The P 2p region was fit using two

doublet pairs that were modeled as 1:1 Gaussian-Lorentzian

product functions. The first doublet represented bulk P–Zn

bonding in Zn3P2 and the second, weaker doublet repre-

sented surface/interface P–P bonding (denoted as Po). For

both doublet pairs, the doublet area ratio was constrained to

2:1, and the doublet separation was constrained to 0.835 eV.

The Po 2p3/2 peak position was also constrained in the fitting

process to 129.30 eV, based on a previous work on P-

terminated Zn3P2.27 The S 2p region was fit using a single

doublet that was modeled with 1:1 Gaussian-Lorentzian

product functions, with the doublet area ratio and peak sepa-

ration constrained to 2:1 and 1.20 eV, respectively.

To accurately determine the position of the VBM in the

measured spectra for the bulk ZnS and Zn3P2 samples, the

valence-band region was fit with the valence-band density-

of-states (VB-DOS) that was calculated for each material

using ab initio density functional theory (DFT).28 Calcula-

tions were performed within the Kohn-Sham framework and

utilized the projector-augmented pseudopotentials as imple-

mented in VASP.29 Valence configurations of 3d4s were

used for Zn and 3s3p for S and P with the Perdew, Burke,

and Ernzerhof (PBE) potential.30 Hybrid density functionals

were also employed, thus addressing the “self-interaction

error” and maintaining stronger electron localization. The

VB-DOS was convoluted with an instrument-specific spec-

trometer response function, and was then fit to the leading

edge of the valence-band region of the XPS data. The spec-

trometer response function was determined for the Kratos

instrument by measurement of the Au 4f doublet, with the

spectra fit to a Voigt function assuming an inherent Lorent-

zian linewidth of 0.317 eV and Gaussian broadening. The

details of the convolution and fitting procedure have been

outlined previously.31

To investigate the effect of the measured band align-

ment on the performance of heterojunction-based devices,

current vs. voltage (I-V) measurements were performed

under dark as well as simulated Air Mass (AM) 1.5 1-Sun

illumination conditions on nþ-ZnS/p-Zn3P2 heterojunctions

that were grown by molecular-beam epitaxy. The heterojunc-

tion was grown on a degenerately doped GaAs substrate

(p> 1� 1018 cm�3) with a Pt(20 nm)/Ti(30 nm)/Pt(10 nm)

back contact. The degenerately doped GaAs was shown to

make an ohmic contact to the Zn3P2 film. The ZnS and

Zn3P2 film thicknesses were 120 nm and 1 lm, respectively,

with nominal dopant densities of n¼ 1� 1018 cm�3 and

p¼ 1� 1015 cm�3, respectively. The total junction area was

�0.35 cm2, and an Al busbar with fingers was used as a top

contact to the ZnS.

Fig. 1 displays reflection high-energy electron diffrac-

tion (RHEED) images of (a) a GaAs substrate that had been

treated with atomic hydrogen; (b) a thick Zn3P2 epilayer sur-

face; (c) a thick ZnS epilayer surface; and (d)-(f) thin ZnS/

Zn3P2 heterostructures of various thicknesses. All RHEED

images were collected with a beam energy of 20 keV that

was incident along the GaAs[011] azimuth. The complete re-

moval of the GaAs native oxide was evidenced by a streaky

FIG. 1. In situ RHEED images of an (a) atomic hydrogen treated GaAs(001)

surface, (b) 150 nm bulk Zn3P2 film, (c) 150 nm bulk ZnS film, (d) 0.6 nm

ZnS/Zn3P2, (e) 1.4 nm ZnS/Zn3P2, and (f) 2.2 nm ZnS/Zn3P2. All RHEED

images were obtained using a 20 keV electron beam incident along the [0
�
11]

direction of the GaAs(001) surface.

093703-2 Bosco et al. J. Appl. Phys. 112, 093703 (2012)
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(1� 1) surface reconstruction with the faint presence of a

fourth-order reconstruction. The Zn3P2 grew in the tetragonal

(a-phase) crystal structure along the (001) direction with a

45� in-plane rotation with respect to the GaAs lattice, as

reported previously.24 The Zn3P2 showed a streaky RHEED

diffraction pattern, indicating that relatively smooth epitaxial

films had been formed. A weak half-order reconstruction

was also observed, which can be attributed to a Zn-

terminated surface reconstruction. RHEED images of thick

ZnS epilayers grown on Zn3P2 indicate that the ZnS structure

was zinc-blende and that the ZnS grew in the (001) direction.

The ultrathin ZnS layers were found to be slightly rougher

than the thick layers, as indicated by spotty RHEED images.

Relaxation of the ZnS lattice was considered complete upon

initiation of growth, with no tetragonal strain observed in the

RHEED images.

Fig. 2 displays the XPS data for the P 2p and S 2p core

levels of bulk Zn3P2, bulk ZnS, and the 0.6 nm, 1.4 nm, and

2.2 nm ZnS/Zn3P2 heterojunctions. Oxide species were not

observed in any of the core-level spectra. The fitted P 2p3/2

and S 2p3/2 core-level binding energies are reported in

Table I. The 2p core-level position was taken as the mean of

the fitted 2p3/2 and 2p1/2 peak positions for all of the follow-

ing calculations. The spectra indicated a shift of �1.2 eV in

the S 2p binding energy upon formation of the heterojunction

interface. However, little or no shift was observed for the P

2p binding energy. The core-level binding energy differences

(DECL,i) observed for all interface samples are displayed in

Table I. An average value of DECL,i¼ 33.78 6 0.03 eV was

calculated for the five heterojunction samples.

Fig. 3 displays the XPS data obtained for the valence-

band region of (a) bulk Zn3P2, (b) bulk ZnS, and (c) the

FIG. 2. X-ray photoelectron spectra of (a) P 2p and

(b) S 2p core-levels for bulk Zn3P2, bulk ZnS, and

several ultrathin ZnS/Zn3P2 heterojunction interfa-

ces with different ZnS film thickness.

TABLE I. A complete list of P 2p3/2 and S 2p3/2 binding energies for all samples studied. Calculated ECL-EVBM for bulk samples and DECL,i and DEV for heter-

ojunction samples are also included. All values are reported in eV.

Sample P 2p3/2 S 2p3/2 DECL,i ECL�EVBM

DEV

Krauta Directb

Bulk Zn3P2 128.17(4) … … 128.46(9) … …

Bulk Zn3P2 128.13(6) … … 128.51(5) … …

0.6 nm ZnS/Zn3P2 128.08(2) 161.69(2) 33.79(2) … �1.20 �1.01

1.0 nm ZnS/Zn3P2 128.20(1) 161.79(3) 33.77(5) … �1.19 �1.15

1.4 nm ZnS/Zn3P2 128.12(0) 161.72(3) 33.78(5) … �1.20 �1.12

1.8 nm ZnS/Zn3P2 128.20(8) 161.76(2) 33.73(6) … �1.15 �1.18

2.2 nm ZnS/Zn3P2 128.07(9) 161.70(6) 33.80(9) … �1.22 �1.15

Bulk ZnS … 162.89(1) … 161.07(1) … …

Bulk ZnS … 162.75(7) … 161.08(7) … …

aValence-band offset as calculated by the Kraut method using Eq. (1).
bValence-band offset as determined by direct fitting of the interface valence-band spectra as a superposition of the bulk valence-band spectra.
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1.0 nm ZnS/Zn3P2 interface. For the bulk samples, the VB-

DOS is also displayed as calculated (Raw DOS) as well as

after convolution with the spectrometer response function

(Conv. DOS). Excellent agreement was observed between

the shape of the convoluted VB-DOS and the valence-band

data collected by XPS. A �0.24 eV difference was observed

in the position of the ZnS VBM determined by the VB-DOS

fitting relative to the value obtained using conventional lin-

ear extrapolation of the valence-band leading edge. The dif-

ference was likely due to a low calculated DOS near the

edge of the valence-band. The low DOS was captured by the

tail of the leading edge of the XPS spectra, which is not well

represented by the linear extrapolation method, thus resulting

in an overestimation of the VBM position. The core-level to

VBM energy difference (ECL�EVBM) for bulk samples as

determined by the VB-DOS fitting is listed in Table I. Aver-

age values for ECL�EVBM of 128.49 6 0.03 eV and

161.08 6 0.01 eV were obtained for the bulk Zn3P2 and bulk

ZnS samples, respectively.

From the core-level binding energies and VBM posi-

tions determined using the VB-DOS fitting, Eq. (1) yielded

DEV¼�1.19 6 0.07 eV. The DEV was found to be inde-

pendent of ZnS film thickness (see Table I), indicating mini-

mal contributions due to any band bending near the

interface. A direct determination of DEV was also performed

by fitting the measured valence-band spectra of a heterojunc-

tion interface to a superposition of the valence spectra of

bulk ZnS and Zn3P2.22 As displayed in Fig. 3(c) for the 1 nm

ZnS/Zn3P2 sample, this process yielded excellent agreement

between the fit and the XPS data. A value of DEV was then

directly calculated from the difference in the VBM positions

of the superimposed bulk spectra. The fitted DEV was similar

across all heterojunction samples (see Table I) and resulted

in an average DEV¼�1.12 6 0.07 eV, which is consistent

with the value of DEV determined from Eq. (1). Use of the

known band gaps for ZnS and Zn3P2 of 3.68 eV and 1.51 eV,

respectively, yielded DEC¼ 0.98 6 0.07 eV.

The observed band alignment for the ZnS/Zn3P2 hetero-

junction interface differs significantly from the alignment

predicted by Anderson theory (type I versus type II). Unlike

devices comprised of III-V and II-VI compound semicon-

ductors, the interfacial dipole that is expected to occur for

the mixed II-VI/II-V heterojunction is currently not well elu-

cidated. Ruan and Ching32 proposed a simple theory for pre-

dicting deviations from Anderson theory based on interfacial

dipole formation in the absence of interface defects. Their

model predicts a decrease in the DEV due to charge transfer

from the higher valence-band material (in this case Zn3P2)

to the lower valence-band material. Using their model, a

DEV between ZnS and Zn3P2 of �1.1 6 0.1 eV is calculated,

which is in excellent quantitative agreement with the experi-

mentally measured offset.34

The measured electronic structure of the ZnS/Zn3P2 het-

erojunction may reflect effects of interfacial crystalline strain

as well as interfacial chemical reactions. The in situ RHEED

data indicated that the ZnS layers relaxed immediately upon

film growth (see Fig. 1), implying that interfacial strain

effects are minimal. Interfacial strain should also produce

band offsets that depended on the thickness of the overlayer,

in contrast to the experimental observations. Interfacial

chemical reactions between P and S could produce devia-

tions in the band alignment. Consistently, P–P bonding, or

possibly P–S bonding, was observed in the XPS measure-

ments of the ultrathin heterostructure samples. Attempts to

limit reactions by exposing the Zn3P2 surface to a Zn metal

flux immediately prior to ZnS deposition had no detectable

effect on the XPS measurements or on the observed band

alignment.

Fig. 4 displays the calculated band alignment of the pro-

posed nþ-ZnS/p-Zn3P2 heterojunction under equilibrium

conditions. The energy-bands were simulated using the

AFORS-HET
33 device modeling software package, assuming

DEV¼�1.19 eV and realistic doping levels of

FIG. 3. XPS data of the valence-band region for (a) bulk Zn3P2, (b) bulk

ZnS, and (c) a 1 nm ZnS/Zn3P2 heterojunction interface. For bulk samples,

the raw and convoluted VB-DOS calculations that were used for determin-

ing the VBM are displayed. For the interface sample, the valence-band

region was fit using a superposition of the bulk ZnS and bulk Zn3P2 valence-

band spectra.
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n¼ 1� 1018 cm�3 and p¼ 1� 1017 cm�3 for the ZnS and

Zn3P2, respectively. The simulations demonstrated the exis-

tence of a large conduction-band spike at the ZnS/Zn3P2

interface due to the measured band offset. The conduction-

band spike was found to inhibit charge transfer at the hetero-

junction interface and indicates that ZnS is a non-optimal

emitter layer for Zn3P2. I-V measurements performed on nþ-

ZnS/p-Zn3P2 heterojunctions confirmed this notion (Fig. 5),

exhibiting short-circuit current densities of <0.1 mA cm�2

under simulated AM1.5 1-Sun illumination. However, the

devices consistently demonstrated VOC’s of >750 mV, indi-

cating improved interface passivation over previously fabri-

cated heterojunctions implementing Zn3P2 as an absorber

layer. These results suggest that ZnS can provide a good sur-

face passivation layer for Zn3P2 and may be useful as a thin,

intrinsic layer in metal-insulator-semiconductor (MIS) or

semiconductor-insulator-semiconductor (SIS) photovoltaic

devices.
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