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GaN materials alloyed with group V anions form the so-called highly mismatched alloys (HMAs).

Recently, the authors succeeded in growing N-rich GaN1�xAsx and GaN1�xBix alloys over a large

composition range by plasma-assisted molecular beam epitaxy (PA-MBE). Here, they present first

results on PA-MBE growth and properties of N-rich GaN1�xSbx and InN1�xAsx alloys and compare

these with GaN1�xAsx and GaN1�xBix alloys. The enhanced incorporation of As and Sb was

achieved by growing the layers at extremely low growth temperatures. Although layers become

amorphous for high As, Sb, and Bi content, optical absorption measurements show a progressive shift

of the optical absorption edge to lower energy. The large band gap range and controllable conduction

and valence band positions of these HMAs make them promising materials for efficient solar energy

conversion devices. VC 2013 American Vacuum Society. [http://dx.doi.org/10.1116/1.4774028]

I. INTRODUCTION

In order to effectively convert solar energy into electric

power or any other form of usable energy, we need to de-

velop novel semiconductor materials, which will absorb pho-

tons over the full solar energy spectrum. Our research

concentrates on GaN materials alloyed with group V anions

of very different size and electronegativity, the so-called

highly mismatched alloys (HMAs). The electronic structures

of the conduction and valence bands of HMAs in the dilute

alloy limits have been well described by the band anticross-

ing (BAC) model.1,2 For highly mismatched GaN1�xAsx

alloys over the whole composition range, extrapolation of

the BAC model predicts that the energy gap can have a wide

range from 0.7 to 3.4 eV.1 An even stronger modification of

the band structures is anticipated for more extremely mis-

matched GaN1�xSbx and GaN1�xBix alloys.1–3 The large

band gap range and controllable conduction and valence

band positions of these HMAs make them promising materi-

als for efficient solar energy conversion devices.1–3 For

example, theoretical calculations1–3 predict that the addition

of As or Sb to GaN at concentrations below about 10% can

substantially lift the valence band edge and thus reduce the

fundamental bandgap. The modification of the band structure

enables the material to capture more photons from the solar

spectrum while still maintaining the favorable band align-

ment of GaN with the Redox potential for spontaneous

hydrogen production by water splitting. However, the syn-

thesis of these alloys is difficult due to the large size/electro-

negativity mismatch between the anions.

Recently, we succeeded in growing GaN1�xAsx and

GaN1�xBix alloys over a large composition range bya)Electronic mail: Sergei.Novikov@nottingham.ac.uk
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plasma-assisted molecular beam epitaxy (PA-MBE).4–7 The

enhanced incorporation of As and Bi was achieved by grow-

ing the layers at extremely low growth temperatures. While

GaN1�xAsx can be grown over the entire composition,

GaN1�xBix can only be achieved with a limited Bi incorpo-

ration of �11% because of the larger degree of mismatch

between N and Bi. Optical absorption measurements show a

progressive shift of the optical absorption edge to lower

energy as the As and Bi content increases. For example, de-

spite the fact that GaN1�xAsx alloys become amorphous for

x> 0.1, a downward shift of a well-developed optical band

gap from �3.4 eV in GaN to �0.8 eV in GaN0.2As0.8 was

observed. The results strongly suggest that amorphous

GaN1�xAsx alloys have short-range order resembling ran-

dom crystalline GaN1�xAsx alloys. The large band gap range

of the amorphous GaN1�xAsx covers much of the solar spec-

trum making this material system a good candidate for full

spectrum multijunction solar cells. The amorphous nature of

the GaN1�xAsx alloys is particularly advantageous since low

cost substrates such as glass can be used for solar cell

fabrication.

In this paper, we present our first results on MBE growth

and properties of N-rich GaN1�xSbx and InN1�xAsx alloys

and compare these with GaN1�xAsx and GaN1�xBix alloys.

To our knowledge, these are the first experimental data on

the growth of these N-rich alloys.

II. EXPERIMENT

The GaN1�xSbx and InN1�xAsx layers were grown by

PA-MBE in a MOD-GENII system. Two-inch diameter sap-

phire and Pyrex substrates were used. The active nitrogen

for the growth of the group III-nitrides was provided by an

HD25 RF activated plasma source. Standard Veeco effusion

sources were used for Ga, In, and Sb. We have used arsenic

in the form of As2 produced by a Veeco arsenic valved

cracker. In order to increase uniformity across the wafer, all

films were grown with substrate rotation of �10 rpm. In

MBE, the substrate temperature is normally measured using

an optical pyrometer, however, because we have used

uncoated transparent sapphire and Pyrex wafers, the pyrome-

ter measures the temperature of the substrate heater, not that

of the substrate. Therefore in this study, our estimates of the

growth temperature are based on thermocouple readings.6

All of the GaN1�xSbx layers were grown on sapphire sub-

strates. Prior to the growth of the GaN1�xSbx layers, we

heated the sapphire wafers to �700 �C and annealed them

for 20 min. After annealing, the substrate was cooled down

to the growth temperature over a 20 min period under a

reduced active nitrogen flux and growth was initiated by

simultaneously opening of the Ga and N shutters. The Sb

shutter was opened after a 1 min delay in order to avoid the

deposition of any Sb on the sapphire surface before GaN

growth. The growth time was kept at 2 h for all layers. In our

initial studies on GaN1�xBix, we have established that, in

order to incorporate a significant amount of Bi in GaN, the

MBE growth temperature needs to be very low.6,7 Therefore,

the majority of the GaN1�xSbx layers in this study were

grown at low temperatures �80–90 �C. However, we have

also studied the deposition of GaN1�xSbx in a wide tempera-

ture range from �500 �C down to room temperature.

It is now well established that there are three main

regimes for PA-MBE growth of GaN (Ref. 8)—N-rich

growth (here the active nitrogen flux is larger than the

Ga-flux); Ga-rich growth (here the active nitrogen flux is

less than the Ga-flux), and strongly Ga-rich growth (here the

active nitrogen flux is much less than the Ga-flux and Ga

droplets are formed on the surface). In our current studies,

we have grown GaN1�xSbx layers under both N-rich and Ga-

rich conditions and have also investigated the transition from

N-rich to Ga-rich growth.

All the InN1�xAsx layers were grown on Pyrex substrates.

Pyrex is not as thermally stable as sapphire; therefore, we

did not use a high temperature annealing stage in the growth

process. Prior to the growth of the InN1�xAsx layers, we

heated the substrates to the desired growth temperatures and

annealed them for 30 min. The growth was started by simul-

taneous opening of the In and N shutters. The As has been

opened with a �30 s delay in order to avoid deposition of

any As on the substrate surface before InN growth. The

growth time was 2 h for all layers.

Crystallinity of the grown layers was studied in situ using

reflection high-energy electron diffraction (RHEED) and af-

ter growth ex situ measurements were performed using x-ray

diffraction (XRD). We have studied Sb incorporation in

GaN1�xSbx layers and As incorporation in InN1�xAsx using

Rutherford backscattering spectrometry (RBS) with a 3.04

MeV Heþþ beam, secondary ion mass spectrometry (SIMS)

using Cameca IMS-3F and IMS-4F systems, and by electron

probe microanalysis (EPMA) using a Cameca SX100 appa-

ratus. Microstructural information on the alloys was obtained

by transmission electron microscopy (TEM) techniques.

Microscopic crystallinity and phase separation were studied

by directly comparing the selected area electron diffraction

patterns and high resolution microscopy. The band gap of

the thin films was measured by optical transmission and

reflection using a Perkin Elmer Lambda 950 Spectrophotom-

eter over the wavelength range of 190–3000 nm.

III. RESULTS AND DISCUSSION

Despite the extremely low growth temperatures, we

observed polycrystalline growth for all undoped GaN layers

by in situ RHEED during and after the growth. This was also

confirmed by ex situ XRD studies, showing diffraction peaks

normally associated with polycrystalline GaN with a strong

preferential c-axis orientation along the growth direction. Pol-

ycrystalline growth was observed for the layers grown under

both Ga-rich and N-rich conditions. However, even a small

amount (beam equivalent pressure, BEP above 10�8 Torr) of

Sb suppressed the crystallinity and the layers became amor-

phous as can be seen by in situ RHEED and ex situ XRD.

Such behavior is very similar to the influence of As and Bi

flux on the growth of GaN layers, that we have observed pre-

viously in epitaxy of GaN1�xAsx and GaN1�xBix alloys by

PA-MBE.4–7
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We have studied the composition of the GaN1�xSbx

layers using both RBS and EPMA. Figure 1(a) shows the

RBS data for the Sb incorporation in GaN1�xSbx layers

grown at �80–90 �C under N-rich conditions. The Sb con-

centration increases linearly with the increase of the BEP of

Sb. At the same time, we observed a gradual decrease in the

Group III(Ga)/Group V(N plus Sb) concentration ratio from

values slightly above 1 (stoichiometric material) to about 0.4

for a very high Sb content [Fig. 1(b)]. We note that the Ga-N

bond (2.24 eV/bond9) is significantly stronger than the Ga-

Sb bond (1.48 eV/bond9). It is therefore reasonable to

assume that in off stoichiometric materials with III/V ratio

<1, excess Sb atoms are present as SbGa antisites and/or Sb

clusters. In such situation, it is difficult to estimate the exact

composition of the GaN1�xSbx alloys since some Sb atoms

will not take part in the formation of the alloy. Therefore in

Fig. 1(a), we presented the RBS measured Sb content as the

Sb/Ga ratio. The composition of the GaN1�xSbx layers at the

different Sb fluxes has also been confirmed by our EPMA

studies.

Uniformity of the Sb incorporation in the GaN1�xSbx

layers has been studied by SIMS. In order to detect Sb, both

stable antimony isotopes 121Sb and 123Sb have been ana-

lyzed. We have no calibrated standards for the complicated

Ga–N–Sb matrix and our SIMS results are presented in arbi-

trary units as shown in Fig. 2. We observed a uniform distri-

bution of Sb inside the layers for the entire range of the

Sb concentrations, in perfect agreement with our RBS

measurements.

Figure 3 presents a typical cross-sectional TEM micro-

graph of a GaN1�xSbx layer grown at �80�90 �C and a

high Sb flux. The layer is completely amorphous, as also

indicated by the diffuse rings in the diffraction pattern (not

shown). This is in strong contrast to the crystalline sapphire

substrate, which can be seen at the bottom of the TEM

figure.

Optical absorption and reflection measurements show a

progressive shift of the optical band gap to lower energy

with increase of the Sb incorporation in GaN layer. The

square of the absorption coefficient (a*ht)2 versus photon

energy for GaN1�xSbx films grown at different Sb fluxes

under N-rich conditions at �80–90 �C is shown in Fig. 4.

The direct band gap of the alloy can be estimated by extrapo-

lating the linear part of the absorption edge down to the

energy axis. The overall Sb compositions measured by RBS

FIG. 1. (Color online) Sb/Ga (a) and Ga/(NþSb) (b) concentration ratios in

the GaNSb layers measured by RBS as a function of the Sb flux during

PA-MBE.

FIG. 2. (Color online) SIMS profile for Ga, N, and Sb at the center of a

GaN1�xSbx layer.

FIG. 3. Typical cross-sectional TEM micrograph of an amorphous

GaN1�xSbx layer grown on sapphire at �80–90 �C and a high Sb flux.
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are also given for all layers in the form of the Sb/Ga ratio.

Figure 4 shows that despite the fact that GaN1�xSbx layers

are amorphous, the energy gap decreases monotonically with

increasing Sb content. The band gap decreased from

�3.4 eV for GaN layers up to �1.3 eV for GaN1�xSbx layers

with the highest Sb content.

This behavior of the optical properties of GaN1�xSbx

layers is very similar to the optical properties of amorphous

GaN1�xAsx alloys, where despite the fact that GaN1�xAsx

layers are becoming amorphous at high As content, the

energy gap decreases monotonically with increasing As con-

centration.4,5 Theoretical predictions1–3 suggest a more dras-

tic decrease of the band gap with incorporation of Sb in GaN

in comparison with As incorporation in GaN. Unfortunately,

since the exact Sb content in the GaN1�xSbx alloy at this

stage cannot be determined due to the presence of SbGa anti-

sites and/or Sb clusters, a direct comparison of measured and

calculated bandgap cannot be done. However, we can defi-

nitely observe a gradual shift of the GaN1�xSbx band gap

with increasing Sb incorporation. The results strongly sug-

gest that amorphous GaN1�xSbx alloys have short-range

order resembling random crystalline GaN1�xSbx alloys. The

large band gap range of the amorphous GaN1�xSbx alloys

covers much of the solar spectrum making this material sys-

tem a good candidate for solar energy conversion devices.

In recent years, we have performed significant investiga-

tions on the growth and characterization of GaN-based

HMAs.4–7 In contrast, to the best of our knowledge no exper-

imental data are available so far for InN-based highly mis-

matched alloys. Despite more than three decades of research,

indium nitride (InN) remains the least understood of the

group III-nitride compounds. The relatively recent discovery

that the energy gap of this material is only 0.7 eV,10 rather

than the previously accepted 1.9 eV, has generated a great in-

terest in InN for applications such as high-efficiency solar

cells, light-emitting diodes, laser diodes, and high-frequency

transistors.11 Here, we are presenting our first results on the

incorporation of As in InN. The layers were grown by

PA-MBE on Pyrex substrates at low temperatures. InN

layers grown without any As flux show polycrystalline

RHEED during growth and polycrystalline XRD after the

growth. Even small As fluxes with BEP above 10�8 Torr

suppressed the crystalline growth and the layers became

amorphous, in a manner that was very similar to the behavior

of the GaN-based HMAs described above.

Figure 5(a) shows RBS measured composition for the

InN1�xAsx layers grown under different As fluxes at the

growth temperatures �250 �C. Arsenic incorporation gradu-

ally increases up to �40 at. % with increasing As flux. The

Group III(In)/Group V(N plus As) concentrations ratio for

As doped InN layers are �0.8 and relatively independent of

the As flux [Fig. 5(b)]. Therefore, we probably have a defi-

ciency of In in the InN1�xAsx layers. The In–As bond energy

(1.55 eV/bond9) is weaker than the In–N bond energy

(1.93 eV/bond9) but not as different as for Ga–Sb and Ga–N

described above. Unfortunately, we were not able to measure

any optical properties on these sets of InN1�xAsx layers,

because strong absorption occurs in Pyrex substrates, within

the optical gap range for the InNAs HMAs. Therefore, we

need to repeat the growth on sapphire in order to study the

optical properties of InN1�xAsx alloys. However, our prelim-

inary study on MBE of InN1�xAsx layers already shows that

the mechanisms of incorporation of group V elements in

HMAs during PA-MBE growth are similar for GaN-based

and InN-based alloys.

IV. SUMMARY AND CONCLUSIONS

We have presented our first results on the MBE growth

and structural and optical characterization of N-rich

GaN1�xSbx and N-rich InN1�xAsx alloys and compare these

with GaN1�xAsx and GaN1�xBix alloys. There are general

FIG. 4. (Color online) Energy dependence of the square of the absorption

coefficient (a*ht)2 for GaN1�xSbx layers, grown at different Sb fluxes.

FIG. 5. (Color online) Arsenic concentration (a) and In/(NþAs) concentra-

tion ratio (b) in the InNAs layers measured by RBS as a function of the As

flux during PA-MBE.
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similarities in the growth and the properties of N-rich

HMAs. The incorporation of As, Sb, and Bi can be enhanced

by growing the layers at extremely low growth temperatures.

HMAs layers become amorphous for high As, Sb, and Bi

content. Although layers become amorphous for high group

V anion content, optical absorption measurements show a

progressive shift of the optical absorption edge to lower

energy. The results strongly suggest that amorphous HMAs

layers have short-range order resembling random crystalline

HMAs. The large band gap range and controllable conduc-

tion and valence band positions of these HMAs make them

promising materials for efficient solar energy conversion

devices. The amorphous nature of the HMAs is particularly

advantageous since low cost substrates such as glass can be

used for solar cell fabrication.
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