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ABSTRACT
The compound GaP1−xNx is highly attractive to pseudomorphically integrate red-light emitting devices and photovoltaic cells with the stan-
dard Si technology because it is lattice matched to Si with a direct bandgap energy of ≈1.96 eV for x = 0.021. Here, we report on the chemical
beam epitaxy of GaP1−xNx alloys on nominally (001)-oriented GaP-on-Si substrates. The incorporation of N into GaP1−xNx was system-
atically investigated as a function of growth temperature and the fluxes of the N and P precursors, 1,1-dimethylhydrazine (DMHy) and
tertiarybutylphosphine (TBP), respectively. We found that the N mole fraction exhibits an Arrhenius behavior characterized by an activation
energy of (0.79 ± 0.05) eV. With respect to the fluxes, we determined that the N mole fraction is linearly proportional to the flux of DMHy and
inversely proportional to the one of TBP. All results are summarized in a universal equation that describes the dependence of x on the growth
temperature and the fluxes of the group-V precursors. The results are further illustrated in a growth diagram that visualizes the variation of
x as the growth temperature and the flux of DMHy are varied. This diagram also shows how to obtain single-phase and flat GaP1−xNx layers,
as certain growth conditions result in chemically phase-separated layers with rough surface morphologies. Finally, our results demonstrate
the feasibility of chemical beam epitaxy to obtain single-phase and flat GaP1−xNx layers with x up to about 0.04, a value well above the one
required for the lattice-matched integration of GaP1−xNx-based devices on Si.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0067209

I. INTRODUCTION

The incorporation of small amounts of N into GaP, besides
decreasing the lattice parameter, induces an indirect-to-direct
bandgap transition well described by the band anticrossing model.1,2

Remarkably, for a N mole fraction x = 0.021, the ternary compound
GaP1−xNx is lattice matched to Si with a direct bandgap of about
1.96 eV at room temperature, making this material rather unique
for the monolithic integration of pseudomorphic red-light emit-
ters and III–V photovoltaic solar cells with the widespread, highly
scalable, and cost-effective Si technology.3–10 Nevertheless, despite
the great potential of this compound, commercial red-light emit-
ting devices are still based on AlxInyGa1−x−yP alloys11 and the effi-
ciency of GaP1−xN on Si photovoltaic solar cells remains too low

as to consider this material combination a competitive technology.8
This situation arises from: (i) The challenging synthesis of GaP1−xN
alloys with high structural perfection. Specifically, the material qual-
ity of dilute-nitride compounds is known to degrade as the N con-
tent and the layer thickness are increased, as reported for thin films
and devices grown, for instance, by metal-organic vapor phase epi-
taxy (MOVPE) and plasma-assisted molecular beam epitaxy (PA-
MBE).3,12–16 (ii) The common use of highly misoriented (4○–6○)
instead of on-axis Si(001) substrates to avoid the creation of anti-
phase domains,12,17,18 a solution that undermines the integration of
GaP1−xNx-based devices with the standards of Si technology.

Chemical beam epitaxy (CBE), an ultra-high-vacuum epitax-
ial growth technique characterized by the use of gaseous precursors
in the form of molecular beams for both group-III and group-V
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elements,19 offers important advantages over alternative methods
for the synthesis of GaP1−xNx compounds. On the one hand, the
ultra-high-vacuum environment enables the use of powerful tech-
niques to optimize and monitor the growth, such as reflection high-
energy electron diffraction (RHEED). On the other hand, as N is
not produced by a radio-frequency N2 plasma source, there is no
crystal-damage associated with the impingement of energetic ion-
ized N species,20 a major issue in PA-MBE that enforces the real-
ization of ex situ rapid-thermal annealing treatments to improve
the material quality.16,20–22 Furthermore, from technical and safety
points of view, CBE is also advantageous as compared to PA-MBE
because the residual gases can be easily extracted during and after
the growth process. Therefore, it is possible to reduce the risks asso-
ciated with the accumulation of hazardous P-containing materials
inside the epitaxial reactor. So far, however, reports on the synthesis
of GaP1−xNx compounds by CBE are scarce, limited to the analy-
sis of individual growth parameters on the chemical composition,
and restricted to the use of either bulk GaP(001) or misoriented
Si(001) substrates.10,23,24 There is thus the need of comprehensively
exploring the chemical beam epitaxy of GaP1−xNx alloys on nomi-
nally (001)-oriented Si substrates to elucidate the potential of CBE
for pseudomorphically integrating GaP1−xNx devices on Si.

In this work, we investigate the chemical beam epitaxy of
GaP1−xNx alloys on CMOS-compatible GaP-on-Si(001) substrates,
as desired for the integration of III–V compounds on Si, with the aim
of establishing how to control the chemical composition and prop-
erties of these compounds in CBE. Upon independently analyzing
the influence of growth temperature and the fluxes of the group-
V precursors on the incorporation of N into GaP1−xNx, all results
are summarized in a universal equation that we used to construct a
growth diagram. This diagram, which illustrates the dependence of
the chemical composition on the growth conditions as well as the
impact of the growth parameters on both the chemical homogeneity
and the surface morphology, can be used as a guide to control the
properties of GaP1−xNx compounds grown by CBE. Finally, on the
basis of the studies presented here, we conclude on the feasibility of
CBE to produce chemically homogeneous and flat GaP1−xNx layers
lattice matched to Si.

II. EXPERIMENTAL
We prepared the samples in a Riber CBE32 system using

triethylgallium (TEGa), tertiarybutylphosphine (TBP), and 1,1-
dimethylhydrazine (DMHy) as gas sources for Ga, P, and N, respec-
tively. Low-temperature (120 ○C) gas injectors were used for both
TEGa and DMHy, while a high-temperature one (820 ○C) was
employed for TBP to increase its cracking efficiency, as attested by
quadrupole mass spectrometry. The growth chamber is equipped
with an infrared optical pyrometer for monitoring the substrate tem-
perature, a 15 keV RHEED gun, and an ion gauge that can be placed
at the position of the substrate holder during growth to assess the
beam equivalent pressure (BEP) of each gas precursor, a magnitude
directly proportional to its flux. In the cases of Ga and P, we pre-
viously correlated the BEP values of the gas precursors with their
actual effective fluxes (i.e., the amount of material that is actually
incorporated per time and area units) in equivalent growth rate units
of monolayers per second (ML/s) by measuring the growth rate
of GaP for different values of BEPTEGa and BEPTBP. We note that

FIG. 1. GaP growth rate in ML/s, derived from the frequency analysis of RHEED
intensity oscillations at 580 ○C, as a function of BEPTEGa for three different values
of BEPTBP, as indicated in the figure. The solid lines are linear fits to the exper-
imental data within the Ga- and P-limited growth regimes. The inset shows, as
an example, the initial temporal evolution of the RHEED intensity for the growth
conditions employed in this work to prepare the GaP buffer layers.

1 ML corresponds to 2/a2
Si, where aSi is the Si lattice constant, i.e.,

1 ML = 6.78 × 1014 atoms/cm2. The correlation between the BEP
values and the fluxes is illustrated in Fig. 1, where the growth rate
of GaP, extracted from the frequency analysis of RHEED intensity
oscillations, is represented as a function of BEPTEGa for three differ-
ent values of BEPTBP. As can be observed, the growth rate linearly
increases with BEPTEGa (P-rich regime) until becoming limited by
BEPTBP (Ga-rich regime). Further technical details about the CBE
system can be found elsewhere.25

All samples were grown on 2 × 2 cm2 GaP-on-Si(001) sub-
strates diced from a 12 in. wafer purchased from NAsPIII/V . This
wafer, despite its nominally exact (001) orientation, exhibits a slight
miscut of ≈0.3○ toward one of the four ⟨110⟩ directions, as deter-
mined by high-resolution x-ray diffraction (HRXRD). The GaP
layer, free of dislocations, stacking faults, and twins, is 25 nm thick
and possesses a smooth surface (root mean square roughness of
0.3 nm) without anti-phase domains. The substrates were In-bonded
onto Mo holders and outgassed under TBP supply inside the growth
chamber at 610 ○C until observing the appearance of a clear (2 × 4)
surface reconstruction. The latter reflects the complete thermal des-
orption of the native oxide layer formed on the purchased wafer
due to air exposure. Upon desorbing the oxide, we prepared a
15 nm thick GaP buffer layer at 580 ○C to planarize the surface and
bury possible impurities. This layer was grown under P-rich growth
conditions with BEPTBP = 1.2 × 10−5 Torr and BEPTEGa = 0.3 × 10−5

Torr, values that correspond to fluxes of 0.5 and 0.22 ML/s, respec-
tively (see Fig. 1). Under these conditions, GaP grows layer-by-layer,
as evidenced by the observation of strong RHEED intensity oscil-
lations (see the inset of Fig. 1). After the growth of the GaP buffer
layer, GaP1−xNx was grown for 60 min, which results in a thickness
of about 210 nm. As discussed below, different series of samples were
prepared to independently investigate the impact of growth temper-
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FIG. 2. Exemplary RSMs around (a) the
symmetrical 004 and (b) the asymmetrical
115 Bragg reflections of GaP1−xNx , GaP,
and Si for a sample grown at 500 ○C with
BEPDMHy = 2.4 × 10−5 Torr and BEPTBP

= 1.2 × 10−5 Torr. The 115 RSM was
acquired under grazing exit. The vertical
and inclined dashed lines in (b) indicate
the (Qx , Qz) coordinates correspond-
ing to fully strained and fully relaxed
epilayers on Si, respectively. For the
sample shown here with x = 0.016, both
the GaP1−xNx and GaP layers are fully
strained on the Si substrate. The x-ray
intensity is represented in arbitrary units
using a logarithmic color scale, as indi-
cated by the scale bar shown on the
right.

ature and the fluxes of DMHy and TBP on N incorporation taking
as the starting point the V/III ratio employed for the growth of the
GaP buffer layer, i.e., 2.3.

High-resolution x-ray diffraction measurements were per-
formed with CuKα1 radiation (wavelength λ = 1.540 56 Å) using
a BEDE D3 diffractometer equipped with a four-bounce Si(220)
double-crystal monochromator and a Göbel mirror. Both recipro-
cal space maps (RSMs) and ω/2θ scans were acquired with a 0.5 mm
slit in front of the detector. All measurements were performed along
the direction of the miscut. The chemical composition and the strain
state of the layers were deduced from the peak locations in RSMs
recorded along symmetrical 004 and asymmetrical 115 Bragg reflec-
tions. As can be observed in the exemplary RSMs shown in Fig. 2, we
clearly resolve the GaP1−xNx, GaP, and Si reflections. To calculate
the chemical composition and the strain, we took into account the
possible tilt of the epitaxial layers with respect to the normal of the
Si substrate surface, γ, as described in Refs. 26 and 27. The obtained
values of γ are ≈10 arc sec, i.e., one order of magnitude smaller than
those reported for GaP layers grown on misoriented Si(001) sub-
strates.28 The GaP1−xNx stiffness constants were estimated accord-
ing to Vegard’s law. The GaP and GaN stiffness constants and lattice
parameters were taken from Ref. 29.

III. RESULTS AND DISCUSSION
A. Effect of growth parameters on N incorporation

In this section, we systematically analyze the individual impact
of the growth temperature and the fluxes of DMHy and TBP on the
incorporation of N into GaP1−xNx. Figure 3(a) shows the N mole
fraction x as a function of growth temperature for BEPTBP = 1.2
× 10−5 Torr and two different values of BEPDMHy, namely, 2.8 × 10−5

and 5.6 × 10−5 Torr. The N mole fractions shown in Fig. 3 are mean
values, as some samples exhibit evidence of chemical phase separa-
tion (the x values of phase-separated samples are shown using red
color in Fig. 3). We will return to this point in Sec. III B. Regard-
less of the BEPDMHy value, we observe an exponential decrease in
x with increasing growth temperature. Specifically, as the growth

temperature is varied between 475 and 575 ○C, x decreases from
0.03 to 0.008 for BEPDMHy = 2.8 × 10−5 Torr and from 0.081 to
0.018 for BEPDMHy = 5.6 × 10−5 Torr. The maximum N mole frac-
tion achieved here using DMHy as N source, 0.08, is signifi-
cantly higher than the previous values reported for GaP1−xNx lay-
ers grown by CBE using either NH3

23 or monomethylhydrazine
(MMHy)24 (x = 0.0008 for Ref. 23 and 0.0189 for Ref. 24). Return-
ing to Fig. 3(a), the observed temperature dependencies of x are
well described by the Arrhenius law. The fits to the experimental
data included in Fig. 3(a) yield activation energies of (0.77 ± 0.05)
and (0.81 ± 0.05) eV for BEPDMHy = 2.8 × 10−5 and 5.6 × 10−5 Torr,
respectively. The activation energies are thus rather similar when
taking into account the experimental uncertainties. Hence, the
incorporation of N as a function of growth temperature can be
written as

x = A exp (Ea/kBT), (1)

where kB is Boltzmann’s constant, by using the mean activa-
tion energy value of Ea = (0.79 ± 0.05) eV and a BEPDMHy depen-
dent exponential prefactor A. In the present case, we found
A = 2.05 × 10−7 for BEPDMHy = 2.8 × 10−5 Torr and A = 2.97 × 10−7

for BEPDMHy = 5.6 × 10−5 Torr. The decrease in x with growth
temperature is comparable to those reported for samples grown
by plasma-assisted gas-source molecular beam epitaxy (GS-MBE)30

and MOVPE using DMHy.31,32 In the case of MOVPE, the tem-
perature dependence of x was also well described by the Arrhe-
nius law, but with slightly higher activation energies, specifically,
0.94–1 eV.31,32 In accordance with previous reports, we attribute the
decreasing N content with increasing growth temperature to the des-
orption of N-related by-products resulting from the dissociation of
DMHy (NH2CH3, NH3, and NH2) and/or to the direct desorption
of N atoms from the GaP1−xNx surface.31–34

Next, we investigate the influence of the impinging fluxes of
DMHy and TBP on the incorporation of N. In principle, one would
expect a dependence of x on the BEPs of DMHy and TBP given by

x =
s1 BEPDMHy

s1 BEPDMHy + s2 BEPTBP
, (2)
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FIG. 3. (a) N mole fraction x as a function of growth temperature T for a BEPTBP of 1.2 × 10−5 Torr and two different BEPDMHy values, as indicated in the figure; the
solid lines represent Arrhenius fits to the experimental data yielding activation energies of Ea = 0.81 ± 0.06 eV for BEPDMHy = 5.6 × 10−5 Torr and Ea = 0.77 ± 0.05 eV
for BEPDMHy = 2.8 × 10−5 Torr. (b) N mole fraction x as a function of BEPDMHy at two different growth temperatures, 500 and 550 ○C, for BEPTBP = 1.2 × 10−5 Torr.
The solid lines are linear fits to the experimental data yielding κ = (1.54 ± 0.09) × 10−2 for 500 ○C and κ = (7.72 ± 0.9) × 10−3 for 550 ○C. (c) N mole fraction x as
a function of (BEPDMHy-BEPoffset )/BEPTBP at 500 and 550 ○C. The linear fits to the experimental data shown by the solid lines yield κ values of (1.51 ± 0.05) × 10−2

and (7.7 ± 0.4) × 10−3 for 500○ and 550○, respectively. In all cases, the blue (red) data points represent samples without (with) chemical phase separation according to
HRXRD measurements. For phase-separated samples, the N mole fraction represents the mean value.

where s1 and s2 are coefficients including both the sensitivity of
BEP measurements to the particular precursor molecules (caused
by their specific ionicity) and the incorporation efficiencies of N
and P atoms with respect to the fluxes of DMHy and TBP, respec-
tively.35 Since dilute nitrides are characterized by small x values,
s1BEPDMHy ≪ s2BEPTBP, and Eq. (2) can thus be approximated by

x = κ
BEPDMHy

BEPTBP
, (3)

with κ = s1/s2 representing the ratio between the N and P incor-
poration efficiencies with respect to the BEP values of DMHy and
TBP. Notice that, according to Eq. (1), κ must depend on the growth
temperature.

Let us see now whether the incorporation of N as a func-
tion of the impinging fluxes is actually well described by Eq. (3).
Figure 3(b) presents the variation of the mean N mole fraction x
with BEPDMHy at two different growth temperatures, 500 and 550 ○C,
using a constant flux of TBP given by BEPTBP = 1.2 × 10−5 Torr. The
experimental data show a nearly linear dependence with a temper-
ature dependent slope. The values of κ derived from the fits are
(1.54 ± 0.09) × 10−2 and (7.72 ± 0.9) × 10−3 for 500 and 550 ○C,
respectively. Consequently, within the investigated temperature
range, N incorporation is about two orders of magnitude less
efficient than P incorporation with respect to the BEP values of
DMHy and TBP. Interestingly, the linear fits do not intercept the

x-axis at zero, as predicted by Eq. (3). There is, however, a BEPDMHy
threshold to overcome in order to incorporate a measurable amount
of N. We attribute this threshold to the thermal desorption of
N-reactive species and/or N atoms. On this basis, we rewrite the
dependence of x on the impinging fluxes as

x = κ
BEPDMHy − BEPth

BEPTBP
, (4)

where BEPth represents the above threshold. The values of BEPth
extracted from the fits shown in Fig. 3(b) are 7.84 × 10−6 and
9.75 × 10−6 Torr for the series of samples prepared at 500 and
550 ○C, respectively. In consequence, BEPth increases, as expected,
with the growth temperature, but the variation is small when
compared with the values of BEPDMHy.

To further challenge Eq. (4), we plot in Fig. 3(c) x vs (BEPDMHy-
BEPth)/BEPTBP for the samples shown in Fig. 3(b) as well as for
three additional samples. These last three samples were grown at
500 ○C with BEPDMHy = 2.8 × 10−5 Torr using different BEPTBP val-
ues than the one used to prepare the samples shown in Figs. 3(a) and
3(b), namely, 8.4 × 10−6, 1 × 10−5, and 1.3 × 10−5 Torr. The linear
fits included in Fig. 3(c) demonstrate that Eq. (4) correctly describes
all our growth data [the fit for the series prepared at 550 ○C is anal-
ogous to the one presented in Fig. 3(b), but it is shown here again
for the sake of completeness]. The κ value derived for the samples
grown at 500 ○C, (1.51 ± 0.05) × 10−2, is almost identical to the one
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found before. Therefore, these results reinforce the validity of Eq. (4)
to describe the dependence of x on the impinging fluxes for N mole
fractions up to at least 0.06, i.e., the maximum x value shown in
Fig. 3(c).

B. Phase separation
The N mole fractions shown in Fig. 3 are the mean values

because some GaP1−xNx layers are chemically phase separated, as
discussed here. The blue and red data points in Fig. 3 correspond
to the single- and phase-separated samples, respectively. The single-
phase samples are characterized by exhibiting a unique well-defined
GaP1−xNx peak in RSMs, as exemplarily illustrated in Fig. 2. In
contrast, phase-separated samples exhibit two GaP1−xNx peaks, as
shown in Fig. 4(a), for a sample with a mean N mole fraction of
0.06 grown at 500 ○C with BEPDMHy = 5.6 × 10−5 Torr and BEPTBP
= 1.2 × 10−5 Torr. For this sample, the GaP1−xNx peaks detected in
the RSM seem to be originated from regions with N mole fractions
of 0.052 and 0.067. In general, we found that the relative deviation
of the chemical composition of the two different phases with respect
to the mean chemical composition (Δx/x) is always below 25%.

As can be observed in Figs. 3(a) and 3(c), phase separation
occurs as the N mole fraction is increased by either lowering the tem-
perature or increasing the (BEPDMHy-BEPth)/BEPTBP ratio. The tran-
sition between single- and phase-separated GaP1−xNx layers as the
growth parameters are varied is exemplified in Figs. 4(b) and 4(c),
where we present ω/2θ HRXRD scans around the symmetric 004
Bragg reflections of GaP1−xNx, GaP, and Si for two different series
of samples. The blue scans correspond to the single-phase samples,
and the red scans correspond to the phase-separated samples. As
reference, we include in Figs. 4(b) and 4(c) the scan of a 250 nm thick

GaP layer prepared on the same type of substrate as our GaP1−xNx
layers. The 004 GaP peak of the reference sample appears at the same
angular position as for the GaP1−xNx/GaP samples, but it is nar-
rower due to its higher thickness. In Fig. 4(b), it can be seen how the
GaP1−xNx peak, labeled ∗, shifts toward larger angles as the N con-
tent is increased by lowering the growth temperature while keeping
constant the impinging fluxes with BEPDMHy = 5.5 × 10−5 Torr and
BEPTBP, 1.2 × 10−5 Torr. For these particular fluxes, phase separa-
tion starts at some point between x = 0.018 and 0.028, as revealed
by the split of the GaP1−xNx reflection in two different peaks for
x ≥ 0.028. Analogously, Fig. 4(c) illustrates the onset of phase sep-
aration as the N content is increased by raising BEPDMHy at 500 ○C
with BEPTBP = 1.2 × 10−5 Torr. Importantly, despite of the similar
trend as x increases, it is worth noting that in this case it is possible to
obtain single-phase samples with comparatively higher N mole frac-
tions, up to a value between 0.039 and 0.045. Therefore, our results
reveal that phase separation is not just determined by the N content,
but it also depends on the specific growth parameters. Within the
framework of this study, the maximum N mole fraction we achieved
without phase separation was 0.039.

Last but important, the in situ monitoring of the growing sur-
face by RHEED revealed a univocal correlation between the growth
mode of the GaP1−xNx layer and the ex situ detection of chemical-
phase separation by HRXRD. As shown in Fig. 5(a), upon the
growth of phase-separated GaP1−xNx layers, we observed a three-
dimensional RHEED pattern along the [11̄0] azimuth (RHEED
azimuths were assigned according to Ref. 36). The RHEED pattern
is composed of chevrons revealing the formation of well-defined
facets. According to the mean value of the chevron angles, as mea-
sured on raw RHEED screen images, (46 ± 3)○, the roughing is likely

FIG. 4. (a) Representative RSM around the GaP1−xNx , GaP, and Si symmetrical 004 Bragg reflections of a sample where the GaP1−xNx layer exhibits chemical phase
separation. For this particular sample, prepared at 500 ○C with BEPDMHy = 5.6 × 10−5 Torr and BEPTBP = 1.2 × 10−5 Torr, we detected two different chemical phases with
x = 0.052 and 0.067. [(b) and (c)] ω/2θ scans around the GaP1−xNx , GaP, and Si 004 Bragg reflections for two series of samples where x was increased (b) by decreasing
the growth temperature from 575 to 500 ○C while keeping constant the supplies of DMHy and TBP (BEPDMHy = 5.5 × 10−5 Torr and BEPTBP = 1.2 × 10−5 Torr) and (c) by
rising (BEPDMHy-BEPth)/BEPTBP at 500 ○C using BEPDMHy values from 2.3 × 10−5 to 5.6 × 10−5 Torr with BEPTBP = 1.2 × 10−5 Torr. The N mole fractions shown in the
figures are the mean values derived from the combined analysis of symmetrical and asymmetrical RSMs. The symbol ∗ indicates the angular positions of the GaP1−xNx

004 Bragg reflections. The scans of samples with and without phase separation are depicted in red and blue colors, respectively. The black scans correspond to a reference
≈250 nm thick GaP-on-Si layer grown at 580 ○C.

APL Mater. 9, 121101 (2021); doi: 10.1063/5.0067209 9, 121101-5

© Author(s) 2021

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

FIG. 5. (a) and (b) Characteristic RHEED patterns along the [11̄0] azimuth upon the growth of (a) phase-separated and (b) single-phase GaP1−xNx layers. (c) Growth
diagram depicting, according to Eq. (5), the dependence of the mean N mole fraction x on growth temperature and the BEP of DMHy for constant supplies of TBP (BEPTBP =
1.2 × 10−5 Torr) and TEGa (BEPTEGa = 0.3 × 10−5 Torr). The N mole fraction is displayed as a contour plot with a linear scale. The dashed line illustrates the boundary
between growth conditions resulting in single-phase and phase-separated GaP1−xNx layers. The solid circles indicate the growth conditions of the samples grown within the
framework of this study with BEPTBP = 1.2 × 10−5 Torr and BEPTEGa = 0.3 × 10−5 Torr. The blue and red circles represent the single-phase and phase-separated samples,
respectively.

caused by the formation of {113} facets. In contrast, the RHEED
pattern of single-phase samples along the [11̄0] azimuth is streaky,
indicating a flat surface morphology [see Fig. 5(b)]. These results
allow us to conclude that (i) phase separation can be inferred in situ
during growth by RHEED, and (ii) up to at least x = 0.039, it is pos-
sible to synthesize by CBE single-phase GaP1−xNx layers with flat
surface morphologies.

C. A growth diagram
All previous results are summarized here in a growth diagram

that describes how the chemical and morphological properties of
GaP1−xNx alloys grown by CBE depend on the growth parameters.
Coming back to the control of the alloy composition, by combining
Eqs. (1) and (4), the dependence of the N mole fraction on growth
temperature and the BEP values of the N and P precursors can be
written in a compact form as

x = β
BEPDMHy − BEPth

BEPTBP
exp (Ea/kBT), (5)

where β is a constant that might depend only on the impinging flux
of the Ga precursor. By taking the mean values of Ea and BEPth as
0.79 eV and 1.2 × 10−5 Torr, we derived from the values of A and κ
reported in Sec. III A a β value of 1.15 × 10−7 for the TEGa flux used
in this study, corresponding to 0.22 ML/s.

Figure 5(c) depicts a growth diagram, which visualizes accord-
ing to Eq. (5) the impact of growth temperature and BEPDMHy on
the incorporation of N into GaP1−xNx. This diagram quantitatively
holds for BEPTBP = 1.2 × 10−5 Torr and the TEGa flux used in this
work. Nevertheless, analogous diagrams could be constructed for
arbitrary values of BEPTBP using Eq. (5). Regarding the role of the
actual TEGa flux, it could affect the specific values of x, but we expect
a comparable qualitative dependence of the N mole fraction on the
growth temperature and BEPDMHy.

Besides the variation of x with growth temperature and
BEPDMHy, we also indicate in the growth diagram both the growth
conditions of the samples grown in this study with BEPTBP = 1.2
× 10−5 Torr (solid symbols) and the approximate boundary between
the growth parameters resulting in single-phase and phase-separated
GaP1−xNx layers (dashed line), as determined by the analysis of the
samples by HRXRD. This boundary also applies to distinguishing
between growth conditions leading to flat and rough surface mor-
phologies, as single-phase and phase-separated samples exhibit two-
and three-dimensional RHEED patterns, respectively, as discussed
above. The accuracy of our growth diagram was tested by com-
paring the N mole fractions shown in there with the actual ones
measured by HRXRD for the samples prepared using the parame-
ters indicated by the solid symbols shown in Fig. 5(c). The relative
mean deviation between the expected and actual x values (Δx/x) is
≈10%. Figure 5(c) thus provides a rather satisfactory description of x
when considering all experimental uncertainties. Hence, Eq. (5) can
be used to predict, with the aforementioned precision, the chemical
composition of GaP1−xNx layers grown under unexplored growth
conditions, at least for x values within the range analyzed here, i.e.,
0 < x < 0.09.

To conclude, the growth diagram also reflects that identi-
cal chemical compositions can be achieved by combining different
growth temperatures and BEPDMHy values, as these two parameters
play opposite roles for the incorporation of N. It is also important to
note that the phase-separated growth regime tends to extend toward
the lower values of x as the growth temperature is increased. Because
of this effect and the exponential temperature dependence of x on
the growth temperature, we recommend using moderate growth
temperatures to prevent phase separation as well as to minimize the
impact of possible temperature deviations on the final alloy com-
position. Nevertheless, it remains to be seen the impact of growth
temperature on point defect formation.
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IV. SUMMARY AND CONCLUSIONS
We have comprehensively investigated the incorporation of N

into GaP1−xNx layers grown on (001)-oriented GaP-on-Si substrates
by CBE using as gas sources DMHy, TBP, and TEGa. According to
our study, the N mole fraction (i) exhibits an Arrhenius-like tem-
perature dependence characterized by an apparent activation energy
of (0.79 ± 0.05) eV, (ii) increases linearly with the flux of DMHy,
and (iii) is inversely proportional to the flux of TBP. The results
are summarized in an empirical universal equation that can be used
to predict the N mole fraction within the compositional range ana-
lyzed in this study, 0 < x < 0.09, with a relative degree of uncertainty
of ≈10% over the targeted value. All results are further illustrated
in a growth diagram, which does not only visualize the dependence
of x on growth temperature and the flux of DMHy for given fluxes
of TBP and TEGa but also emphasizes under which growth condi-
tions it is possible to obtain single-phase and flat GaP1−xNx layers.
Importantly, although as a general trend chemical phase separation
is triggered as the N mole fraction is increased, the threshold for the
onset of phase separation is not just determined by x; it also depends
on the specific growth parameters. The maximum value of x we
achieved for single-phase and flat GaP1−xNx layers was 0.039. This
value is well above 0.021, i.e., the required N mole fraction for the
synthesis of GaP1−xNx layers lattice matched to Si(001). This work
thus evidences the feasibility of CBE for the monolithic integration
of pseudomorphic GaP1−xNx-based optoelectronic devices on Si.
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