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a b s t r a c t

Tetragonal zinc phosphide (a-Zn3P2) was grown pseudomorphically, by compound-source molecular-

beam epitaxy on GaAs(001). The films grew coherently strained, with epitaxial relationships of

Zn3P2(004):GaAs(002) and Zn3P2(202):GaAs(111). Partial relaxation of the Zn3P2 lattice was observed

for films that were 4150 nm in thickness. Van der Pauw and Hall effect measurements indicated that

carrier mobilities in strained films (440 cm V s ) were comparable to the carrier mobilities that

have been reported for bulk Zn3P2 single crystals. The carrier densities and mobilities of holes

decreased significantly upon film relaxation, consistent with the evolution of compensating disloca-

tions.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Terawatt-scale photovoltaics (PV) will require a low-cost,
earth-abundant semiconductor material that has excellent optoe-
lectronic properties. Zn3P2 is an interesting, potentially efficient,
solar absorber, with a near optimal, direct band gap of 1.50 eV
and with a high visible-light absorption coefficient (4104 cm�1)
near the band edge [1–4]. Furthermore, Zn3P2 has been reported
to have long (45 mm) minority-carrier diffusion lengths [5,6] as
well as passive grain boundaries [7]. These properties, in addition
to the abundance and low cost of elemental zinc and phosphorus,
make Zn3P2 attractive for scalable thin-film applications. Studies
of Zn3P2 as a PV material have primarily focused on the properties
of multicrystalline wafers and/or polycrystalline films, with
reported maximum solar energy-conversion efficiencies of 6.0%
and 4.3%, respectively [6,8]. In contrast, the growth of, and
properties of, epitaxial Zn3P2 thin films is less well-understood.
Dislocation free, single crystalline films will likely result in
improved device performance and ultimately in higher PV
efficiencies.

Zn3P2 epitaxy has been reported by Suda et al. on GaAs(001)
and ZnSe(001) substrates through the use of metal-organic
chemical-vapor deposition (MOCVD) as well as by molecular-
beam epitaxy (MBE) with elemental sources [9,10]. GaAs and
ZnSe substrates were used because these materials have a
ll rights reserved.

x: þ1 626 844 9320.
relatively small lattice mismatch with the phosphorus sub-
lattice in the tetragonal a-Zn3P2 unit cell (1.3% and 1.0%, respec-
tively). The epitaxial layers grew along the Zn3P2(001) crystal-
lographic orientation, independent of the substrate material.
However, reflection high-energy electron diffraction (RHEED)
patterns showed that the growths were three-dimensional in
nature. Liquid-phase epitaxy of Zn3P2 on InP(001) has also been
reported [11]. Using molten In as the solvent, oriented growth
was achieved through control of the cooling rate of the solvent.
These films were polycrystalline and had very high hole carrier
concentrations (41018 cm�3), consistent with the unintentional
incorporation of In as an extrinsic p-type dopant.

We report herein the growth of Zn3P2 epitaxial layers on
GaAs(001) substrates by compound-source MBE. A compound
source is possible because Zn3P2 sublimes congruently according
to the following dissociation reaction [12]:

Zn3P2 sð Þ-3Zn gð Þþ
1

2
P4 gð Þ ð1Þ

This behavior allows a simple and controllable approach to
achieve stoichiometric beam fluxes of zinc and phosphorus.
Previous studies of Zn3P2 films grown from a compound source
have focused on close-space sublimation (CSS) and hot-wall
deposition (HWD) techniques. CSS has been used to deposit
large-grained (1–10 mm), photovoltaically active, polycrystalline
Zn3P2 films on Si/Fe-coated mica substrates [8]. On freshly
cleaved KCl(001) or on mica substrates, HWD has been used to
produce Zn3P2 polycrystalline films that had partial orientation
toward the (224) direction [13]. On GaAs(001) and borosilicate
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glass substrates, the HWD technique has also been used to
produce strongly preferred orientation of polycrystalline Zn3P2

films toward the (004) direction, and in-plane texturing [14,15].
Our work builds upon previous Zn3P2 thin film growth studies
and demonstrates the formation of single-crystalline, coherently
strained, Zn3P2 epitaxial layers.
Fig. 1. The growth rate of Zn3P2 as a function of substrate temperature for a given

BEP of �1�10�6 Torr. The growth rate data for ZnS [24] is displayed for

comparison. The optimal growth window for Zn3P2 epitaxy was between 200 1C

and 250 1C.
2. Experimental details

Zn3P2 films were grown in an ultra-high vacuum MBE chamber
that had an ultimate pressure of o2�10�10 Torr. The Zn3P2

source material was synthesized from elemental zinc and phos-
phorus (99.9999%, Alfa Aesar) at 850 1C [16–18]. A standard
Knudsen effusion cell was used to provide the compound sub-
limation source. Epi-ready, semi-insulating GaAs(001) single
crystal wafers (AXT) were used as epitaxial substrates. The GaAs
was mounted to a Mo chuck using an In–Ga eutectic. The
substrate was degassed at 350 1C for 1 h in vacuum, and the
native oxide was removed by exposure at 450 1C to an atomic
hydrogen flux for �30–40 min [19–22]. The removal of the native
oxide was verified in situ using RHEED, which yielded a streaky
(1�1) surface reconstruction. Removal of the GaAs native oxide
by annealing the substrate at 4580 1C for 20 min also enabled
the growth of epitaxial Zn3P2. However, this method of substrate
preparation resulted in large pits in the GaAs surface, and there-
fore decreased the quality of the subsequent epilayer growth.
Complete removal of the GaAs native oxide was required to
obtain pseudomorphic Zn3P2 film growth. The presence of a
uniform oxide layer consistently resulted in the deposition of
amorphous Zn3P2, independent of the growth conditions
employed. In contrast, incomplete removal of the GaAs oxide
led to polycrystalline film growth because columnar grains of
crystalline Zn3P2 were seeded by the GaAs substrate through
pinholes in the amorphous oxide layer.

To determine the optimal MBE growth window, Zn3P2 films were
initially grown at substrate temperatures between 150 1C and
300 1C. In-situ RHEED was used to monitor the initial and final
stages of the growth process. Once suitable conditions for epitaxial
growth were determined, the morphological, crystallographic, and
optoelectronic properties of Zn3P2 epilayers of varying thicknesses
were investigated using a number of ex-situ techniques, including
atomic force microscopy (AFM), high-resolution X-ray diffraction
(HRXRD), transmission electron microscopy (TEM), spectroscopic
ellipsometry, and Van der Pauw and Hall effect measurements,
allowing for a direct comparison between the electrical properties of
strained and relaxed Zn3P2 films.
3. Results and discussion

Fig. 1 displays the growth rate of Zn3P2 as a function of the
substrate temperature, for a BEP of �1�10�6 Torr. For substrate
temperatures o250 1C, the growth rate was typically 3–4
nm min�1. For temperatures 4250 1C, a rapid decline in the
growth rate was observed, consistent with a decrease in the Zn
sticking coefficient with increasing temperature. Analogous
trends in growth rate have been reported for Zn-containing II–
VI compounds, such as ZnSe [23] and ZnS [24]. For comparison,
under similar conditions, the growth rate of ZnS produced by
compound-source MBE is plotted along with the Zn3P2 data. The
Zn3P2 growth rate decreased over a much narrower temperature
range than has been reported for growth of ZnS, with the Zn3P2

growth completely terminated by 300 1C. This behavior is
expected, because at the temperature range of interest, Zn3P2

exhibits a much higher sublimation pressure than ZnS. To allow
for Zn3P2 epitaxy, the observed rapid reduction in growth rate
establishes a practical upper bound of �250 1C on the substrate
temperature.

Fig. 2(a)–(c) displays RHEED images collected along the [100]
zone axis of Zn3P2 films that were grown at 150 1C, 200 1C, and
250 1C, respectively. The RHEED images of Zn3P2 films that were
grown at 200–235 1C exhibited streaky (1�1) patterns
(Fig. 2(b)), indicating highly crystalline, oriented film growth that
occurred two-dimensionally. The faint appearance of half-order
streaks in the RHEED patterns suggested that a partial surface
reconstruction occurred for thicker films. The reconstruction is
consistent with Zn-termination of the Zn3P2(001) surface. All
RHEED images observed for films that were grown at substrate
temperatures r175 1C revealed cloudy, specular-beam reflec-
tions with only a faint appearance of crystalline peaks, indicating
that the films were primarily amorphous (Fig. 2(a)). The amorphous
nature of these films was confirmed by XRD. The deposition of
amorphous material established a practical lower bound of
�200 1C on the substrate temperature for Zn3P2 epitaxy. Spotty
RHEED patterns were observed for films that were grown at
substrate temperatures of Z250 1C (Fig. 2(c)), indicating that these
films were crystalline and oriented, but that their surfaces were
significantly rougher than the surfaces of films that were grown at
lower temperatures. The observed increase in roughness is consis-
tent with the partial re-sublimation of the deposited Zn3P2 film.

The surface roughness of the as-grown films was verified by
AFM topography (Fig. 2(d)–(f)). Films that were grown between
200 and 235 1C had a typical RMS surface roughness of 0.6 nm,
whereas films that were grown at r175 1C or at Z250 1C were
significantly rougher, having typical RMS roughness values of
2 nm and 10 nm, respectively. The AFM topography results, in
addition to the growth rate and RHEED images, indicated that the
growth of smooth, epitaxial Zn3P2 films was constrained to a
narrow temperature window, specifically between 200 1C and
235 1C. To maximize the growth rate and to minimize the surface
roughness, all subsequent growths were therefore performed at a
substrate temperature of 200 1C.

The RHEED data collected on epitaxial Zn3P2 films grown at
200 1C indicated that the Zn3P2 tetragonal lattice grew along the
(001) direction at a 451 in-plane rotation with respect to the GaAs
zinc-blende lattice. Hence, the epitaxial relationship between the



Fig. 2. (a)–(c) In situ RHEED images and (d)–(e) AFM topography images of the Zn3P2 surface for films grown at substrate temperatures of 150 1C, 200 1C, and 250 1C,

respectively. All of the RHEED images were collected at 20 keV along the GaAs[011] azimuth, corresponding to the Zn3P2[100] azimuth for crystalline films. The height

scale bar applies to all of the AFM images.

Fig. 3. TEM images of Zn3P2 epitaxial layers with thicknesses of (a) 50 nm and

(b) 150 nm. The inset in (a) displays a SAED image of the Zn3P2/GaAs epitaxial

interface. The inset in (b) displays a high-resolution TEM image of the Zn3P2/GaAs

epitaxial interface.
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epilayer and the substrate was Zn3P2(004):GaAs(002) and
Zn3P2(202):GaAs(111). Selected-area electron diffraction (SAED)
of the Zn3P2/GaAs interface (inset, Fig. 3(a)), and high-resolution
TEM (inset, Fig. 3(b)), confirmed this relationship. Fig. 3(a) and (b)
displays bright-field TEM images of the 50 and the 150 nm thick
Zn3P2 epilayers, respectively. The 50 nm epilayer was effectively
dislocation-free, whereas a low concentration of crystalline
defects was observed for the 150 nm thick film, indicating the
onset of strain relaxation.

Fig. 4(a) displays the symmetric HRXRD of the GaAs(004) and
Zn3P2(008) reflections that were observed for increasing epilayer
thicknesses. Clear Pendellösung oscillations were observed for
film thicknesses of o150 nm, indicating highly crystalline thin
films. Table 1 reports the 2y values of the Zn3P2(008) peak
maximum for all films. A shift in the Zn3P2(008) peak position
with respect to the bulk 2y position [25] was observed for film
thicknesses up to �150 nm. This shift represents an out-of-plane
strain (e?) value of approximately 0.91%. For films above 150 nm
in thickness, the XRD indicated a partial relaxation of e?. However
for thicknesses up to 400 nm, 100% relaxation was not observed.
Fig. 4(b) displays double-axis rocking curves of the Zn3P2(008)
reflection for 70, 150 and 400 nm thick epilayers. The
rocking curve of the 70 nm film was composed of a narrow,
coherent scattering peak with FWHM of 16 arcsec, as well as a
low-intensity diffuse scattering feature. A diffuse scattering
peak is often observed in epitaxial layers and is associated with
the presence of point defects [26]. A broadening in the rocking
curve was observed for the 150 nm and 400 nm films, with the
peak FWHM values increasing to 52 arcsec and 966 arcsec,
respectively.

Further evidence of pseudomorphic epilayer growth and strain
relaxation was obtained from reciprocal space maps of the
GaAs(113) and Zn3P2(206) asymmetric reflections that were
collected for the 70 nm, 150 nm, and 400 nm thick films (Fig. 5).
A relaxation of the in-plane lattice parameter of the Zn3P2

epilayer was clearly evident by the comparison of the three
measurements. The reciprocal space map of the 70 nm film
showed a coherently strained Zn3P2 peak with respect to the
GaAs substrate. The onset of relaxation was also observed for the
150 nm film, with a noticeable broadening of the film peak.



Fig. 4. (a) Symmetric HRXRD scans of the Zn3P2(008) and GaAs(004) reflections for increasing Zn3P2 layer thickness. Vertical dashed lines represent the Zn3P2 peak

positions for a fully strained and relaxed unit cell. (b) Rocking curves of the Zn3P2(008) reflection for film thicknesses of 70, 150, and 400 nm.

Table 1
Tabulated data for XRD symmetric scans and Van der Pauw and Hall effect measurements.

Thickness
[nm]

2h,
Zn3P2(008)
[deg.]

Partially
relaxed?

Resistivity

[X-cm]

Hole density
[cm�3]

Hole mobility
[cm2 V�1 s�1]

20 64.50(0) no 1.6870.06 3.8871.80�1017 11.075.0

50 64.46(3) no 0.4770.01 6.2270.70�1017 21.672.7

100 64.45(0) no 0.2770.01 7.9470.55�1017 29.472.0

150 64.46(1) yes 1.0670.03 3.1270.21�1017 18.871.4

155 64.45(0) no 2.7870.06 5.3670.82�1016 42.676.0

170 64.46(1) yes 18.071.2 2.1970.45�1016 16.473.0

275 64.76(2) yes 60.171.8 1.0370.85�1016 14.878.3

400 64.72(2) yes 3190746 8.878.2�1014 6.274.8

Fig. 5. Reciprocal space maps of the Zn3P2(206) and GaAs(113) asymmetric reflections for Zn3P2 film thicknesses of (a) 70, (b) 150, and (c) 400 nm. The red dot in

(c) represents the position of the fully relaxed Zn3P2(206) reflection in reciprocal space. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Finally, the 400 nm film peak was further broadened in the
direction of the theoretical position for a fully relaxed film
(red dot).
The optical properties of the epitaxial Zn3P2 films were
determined using spectroscopic ellipsometry. Fig. 6 displays the
wavelength dependence of the index of refraction (n) and of the



Fig. 6. The index of refraction (n) and extinction coefficient (k) values obtained by

spectroscopic ellipsometry on a 7 mm thick Zn3P2 film. The insets show the linear

extrapolation of a2 and a1/2 as a function of energy, resulting in direct and indirect

transition values of 1.52 eV and 1.39 eV.

Fig. 7. (a) Van der Pauw resistivity, (b) hole carrier concentration, and (c) hole

mobility as a function of Zn3P2 epilayer thickness. The filled and open circles

represent the data collected on strained and partially relaxed films, respectively.
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extinction coefficient (k), as determined on a 7 mm thick Zn3P2

film. The measured values of k also allow determination of the
energy dependence of the absorption coefficient (a¼4pl/k) of
Zn3P2. The insets of Fig. 6 display a2 and a1/2 plotted versus
photon energy, near the band edge of Zn3P2. Extrapolation of the
linear regions of the data yielded values for the direct and indirect
band gaps of Zn3P2 of 1.52 eV and 1.39 eV, respectively. These
values are in excellent agreement with the values previously
obtained on bulk Zn3P2 wafers [4]. The effect of crystalline
relaxation on the optical properties is not well-defined because
thin films (o3 mm) of Zn3P2 were not fully absorbing near the
band edge, which led to interference with the GaAs substrate.

Van der Pauw and Hall effect measurements were performed
on 5 mm�5 mm samples with soldered In contacts. Fig. 7 dis-
plays the resistivity, carrier concentration, and Hall mobility of
Zn3P2 films as a function of epilayer thickness. The electrical
measurement results are also tabulated in Table 1. All of the films
exhibited p-type conductivity. The resistivity of strained films
was consistently on the order of 1 O-cm, with corresponding hole
concentrations 41�1017 cm�3. A large increase in resistivity,
and consequent decrease in the hole carrier concentration, was
observed as the film thickness was increased above 150 nm. The
Zn3P2 hole mobility also varied as a function of the epilayer
thickness. For strained films, an increase in mobility was observed
for increasing epilayer thicknesses between 20 and 150 nm. This
increase is consistent with a decrease in sensitivity to the
interfacial defects between the Zn3P2 epilayer and the GaAs
substrate. Similar trends have been observed for heteroepitaxial
films of InAs on GaAs [27,28], InSb on GaAs [29], and GaN on
Al2O3 [30]. A maximum hole mobility of �45 cm2 V�1 s�1 was
observed for a strained 150 nm thick film. This value is compar-
able to the maximum hole mobility reported for Zn3P2 single-
crystals that were grown by physical vapor transport [31,32].
Upon partial relaxation of the films, the hole mobility decreased
to o20 cm2 V�1 s�1, which is similar to values previously
reported for polycrystalline Zn3P2 [4].

Theoretical [33] and experimental [31] studies have indicated
that the dominant mechanism for intrinsic p-type conductivity
in Zn3P2 is the production of phosphorus interstitials. This
hypothesis agrees well with the observation of diffuse scattering
peaks in the HRXRD rocking-curves of the pseudomorphic Zn3P2

films. The diffuse scattering is indicative of point defects within
the epilayer, and in the case of Zn3P2 is consistent with the
presence of interstitial phosphorus atoms. A high level of inter-
stitial phosphorus is also consistent with the high concentration
of hole carriers observed in strained films by the Hall effect.
A subsequent decrease in the hole carrier concentration, and
the hole mobility, upon film relaxation is consistent with the
occurrence of misfit dislocations and/or threading dislocations
within the epilayers. Dislocations have been suggested to act both
as charged-carrier scattering and acceptor-compensating regions
within a semiconductor material [34]. Therefore, a high density of
threading dislocations within a partially relaxed Zn3P2 film would
be expected to compensate the phosphorus interstitials that are
responsible for the intrinsic p-type conductivity, and to thus
decrease the effective hole mobility by 50% or more.
4. Conclusions

Tetragonal Zn3P2 can be grown epitaxially on GaAs(001)
substrates by compound-source molecular-beam epitaxy. Under
MBE conditions, the optimal substrate temperature was between
200 1C and 235 1C. The growth window was constrained by
amorphous deposition at low temperatures, and at higher tem-
peratures by decreased growth rates and increased surface rough-
ness. TEM and HRXRD studies confirmed that the epitaxial films
grew pseudomorphically up to a critical thickness of �150 nm.
Coherent growth allows for further investigations into the effect
of strain-related defects on the electronic properties of Zn3P2 thin
films. Van der Pauw and Hall effect measurements showed that
relaxation of the Zn3P2 lattice caused a significant decrease in the
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effective hole mobility and carrier density. However, below the
critical film thickness, p-type mobilities of 440 cm2 V�1 s�1

were observed. These values are comparable to those reported
for single-crystal Zn3P2. Hence, careful control of strain relaxation
will play a key role in the growth of Zn3P2 thin films that have
optoelectronic properties which are suitable for photovoltaic
absorbers.
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