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We report p-type behavior for undoped GaN1–xSbx alloys with x� 0.06 grown by molecular

beam epitaxy at low temperatures (�400 �C). Rapid thermal annealing of the GaN1–xSbx films at

temperatures >400 �C is shown to generate hole concentrations greater than 1019 cm�3, an order

of magnitude higher than typical p-type GaN achieved by Mg doping. The p-type conductivity

is attributed to a large upward shift of the valence band edge resulting from the band

anticrossing interaction between localized Sb levels and extended states of the host matrix.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972559]

Gallium nitride is a well-established material for appli-

cations in light-emitting diodes (LEDs), laser diodes (LDs),

and high power, high frequency electronic devices (see e.g.,

Refs. 1 and 2). Bipolar p- and n-type doping is essential for

optoelectronic applications of any semiconductor material.

However, GaN is intrinsically n-type, and p-type doping has

been difficult to achieve. This behavior has been attributed

to the very low location of the valence band edge (VBE)

at 7.5 eV below the vacuum level.3 The p-type doping

problem has been solved in seminal works of Japanese scien-

tists. Amano et al.4 showed that highly resistive Mg-doped

GaN grown by metal-organic chemical vapor deposition

(MOCVD) became p-type when irradiated with a low-energy

electron beam. Later, Nakamura et al.5 obtained p-type GaN

by thermal annealing of the Mg-doped layers at 700 �C under

a N2 ambient. These breakthroughs paved the road to a much

broader range of practical applications of group III-nitride

semiconductors. Although p-doping can now be regularly

accomplished, increasing the range of achievable p-type con-

ductivity is highly desirable for improved device perfor-

mance. To date, the highest reported values on the hole

concentration of Mg-doped GaN layers range from high-1017

to low-1018 cm�3 with corresponding resistivities ranging

from 5 to 0.5 X cm.6,7 It is now well established that the high

ionization energy of Mg acceptors8,9 and the compensation

by native donor-like defects are responsible for the low hole

concentration.10–12

Recently, a study of GaN grown by low temperature

molecular beam epitaxy (LT-MBE) at 80 �C reported that thin

films grown under N-rich conditions were insulating whereas

the samples grown under Ga-rich conditions were conductive

with a resistivity in the range of 10�1–10�3 X cm.13 A positive

Seebeck coefficient was measured for the Ga-rich samples

indicating that the samples were p-type. The p-type conduc-

tivity was attributed to a high concentration of gallium antisite

defects forming a partially filled band in the bandgap. Similar

results were obtained in our recent study of GaN1–xSbx

thin films grown at a low temperature of 325 �C where we

found that alloys with higher Sb contents exhibit p-type

conductivity.14

A modest amount of studies on the effect of annealing

polycrystalline GaN and its alloys have been conducted.15–19

Recent studies indicate that annealing improves the struc-

tural and optical properties of polycrystalline GaN layers by

re-crystallizing the GaN grains. For polycrystalline InGaN

thin films, rapid thermal annealing (RTA) experiments found

the crystallinity to be improved by annealing and the resistiv-

ity to be reduced by two orders of magnitude due to the

annealing-induced increase in the carrier concentration.19

However, there are no thorough studies of the effects of

thermal annealing on the electrical properties of polycrystal-

line GaN.

In this letter, we study the effect of rapid thermal

annealing on the electrical and structural properties of

GaN1–xSbx films. The films were grown by plasma-assisted

molecular beam epitaxy (PA-MBE) at temperatures 325 and

400 �C. We show that proper thermal annealing stabilizes the

p-type conductivity of undoped GaN1–xSbx with x� 0.06.

The effect is explained by the rapid, Sb-induced upward shift

of the valence band edge. The analysis of the electronic band

structure and the location of the Fermi level of these alloys

on the absolute scale suggest that the alloys could serve as

energy selective hole emitters.

The samples were grown in a GENII MBE system with

a Veeco Uni-bulb plasma source to provide active N, ele-

mental Ga, and a Veeco valved cracker-source for Sb. All

films were grown on uncoated sapphire substrates, with the

temperature set by the thermocouple. The Ga cell was set to

a temperature corresponding to a GaN growth rate on sap-

phire of 0.10 lm/h and a GaSb growth rate on GaSb of

0.25 lm/h. Two sets of GaN1–xSbx thin films are studied in

this letter. The first set consists of the previously reported

films14,20 grown by multilayer intermixing at a constant tem-

perature of 325 �C with an Sb composition x up to 0.30 along
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with a film grown by the same method but at a slightly

higher temperature of 400 �C with x¼ 0.56. The second set

of GaN1–xSbx films was grown conventionally as a bulk alloy

without any modulation of the Sb or N shutters, and con-

sisted of two samples grown using LT-MBE at temperatures

of 400 �C resulting in Sb contents x¼ 0.27 and 0.30. The

layer thicknesses are in the range 150 to 300 nm for the first

set and 220 to 320 nm for the second set. The composition

and the thickness of the films were determined using

Rutherford Backscattering Spectrometry (RBS). The RBS

data did not show any compositional non-uniformity for any

of the samples.

Transmission electron microscopy (TEM) measure-

ments performed on selected samples of the first set were

reported in Ref. 20. The TEM results showed that GaN

grown without Sb is polycrystalline with grains primarily

consisting of 2H GaN with the (0002) planes aligned with

the (0006) sapphire substrate planes. The grains were found

to be randomly oriented in-plane. The structure of the thin

film with x¼ 0.06 consisted of randomly oriented grains.

The TEM results for the films with x¼ 0.18 and 0.42 showed

an amorphous matrix with small crystalline grains. Some Sb

segregation could be seen for the film with x¼ 0.42. No sign

of the presence of any nanometer size secondary phase clus-

ters was seen in the TEM results. More details of the crystal

growth, characterization, and optical properties of the sam-

ples grown at 325 �C are presented in Refs. 14 and 20.

The structural properties of the GaN1–xSbx thin films

were further studied using x-ray diffraction (XRD). A

Siemen’s D500 diffractometer in the Bragg-Brentano geome-

try with a Cu Ka source was used for this purpose. Figure 1

shows 2h–x scans over a 2h range of 20�–60� for the as-

grown GaN1–xSbx films. The GaN sample grown without Sb

shows the typical XRD peak at 2h� 34.4� associated with the

(0002) diffraction of hexagonal GaN with a strong preferential

c-axis orientation along the growth direction. We note that

the GaN (0002) peak is observed for all the samples since this

diffraction peak comes primarily from a thin epitaxial GaN

buffer layer (�26 nm) grown on the sapphire prior to the

growth of the GaN1–xSbx films. As shown in Fig. 1, additional

peaks at lower and higher angles appear in the XRD patterns

for samples with high Sb contents (x� 0.18). These peaks are

attributed to the (111), (200), and (311) diffraction of zinc

blende GaSb indicating the presence of phase separated GaSb

clusters within the GaN1–xSbx thin film.

Rapid thermal annealing was performed on the

GaN1–xSbx films using a sealed ULVAC MILA 3000 RTA

furnace. The annealing temperature ranging from 450 to

750 �C was varied with a temperature increment of 50 �C. The

cumulative annealing was performed under an atmospheric

FIG. 1. XRD patterns of as-grown GaN1–xSbx films.

FIG. 2. XRD patterns of GaN1–xSbx

films RTA at 550 and 650 �C with an

Sb content of (a) 18%, (b) 30%, (c)

42%, and (d) 56% compared to the as-

grown films.
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pressure N2 ambient for 30 s. A visual degradation of the sur-

face of the samples could be observed for the annealing tem-

peratures higher than 650 �C. The degradation could be

related to the dissociation pressure of GaN increasing after

700 �C.21

Figure 2 shows a comparison between the XRD patterns

of as-grown and annealed films covering a 2h range of

31.8�–37.5�. As the annealing temperature increased from

550 to 650 �C, a peak at 2h� 32.6� becomes more prominent,

particularly for the films with higher Sb contents of 42% and

56%. This peak corresponds to a d-spacing of roughly 2.7 Å.

Although the TEM data does show small GaSb grains for

these films, there are no planes within these grains that

correspond to this XRD peak. The peak corresponds to the m-

plane of GaN, which is seen in the diffraction patterns in

TEM samples for annealed films having Sb contents at or

exceeding 18%. GaN crystallites having the m-plane oriented

along the growth direction were observed in the high resolu-

tion images of these samples. The samples grown with the

interlayer mixing technique had less preferred orientation

along the growth direction, with grains much more randomly

oriented than in the conventionally grown GaNSb alloys. If

the Sb containing regions have segregated in the higher

Sb-containing films, it may follow that there are regions con-

sisting of pure GaN in the matrix phase. Therefore, it would

not be surprising to see other orientations of GaN besides

the (0002) direction that was seen in the bulk alloys which

had preferentially aligned with the substrate. Figure 3 shows

TEM results for the sample with 18% Sb obtained after

cumulatively annealing the film to a temperature of 650 �C.

In Fig. 3(a), GaSb clusters are highlighted with circles,

and are surrounded by polycrystalline and amorphous GaN

and GaNSb. The separation and size of these clusters are not

meant to illustrate an average. The clusters are of various size

and separation throughout the film. Figure 3(b) shows a large

GaSb cluster surrounded by GaN crystallites and amorphous

GaNSb material. Representative GaN planes are denoted by

label 1, GaSb by label 2, and the poly-amorphic matrix by

label 3.

The measured resistivity and Seebeck coefficient for

the RTA GaN1–xSbx films are shown in Fig. 4. The samples

with lower Sb or no Sb contents were too resistive to be mea-

sured. The positive thermopower indicates p-type conductiv-

ity for all measured samples. In general, the annealing

results show a decreasing resistivity with a decreasing

Seebeck coefficient for the films. The resistivity of the films

seem to converge towards similar values between 0.2 and

2 X cm when the annealing temperature reaches 600 �C.

Hall effect measurements of the RTA GaN1–xSbx films

are presented in Fig. 5. The carrier concentration and mobil-

ity could not be reliably determined for samples with the

FIG. 3. TEM results for the annealed sample with 18% Sb showing (a)

GaSb clusters and (b) a large GaSb cluster surrounded by GaN crystallites

and amorphous GaNSb.

FIG. 4. The measured (a) resistivity

and (b) Seebeck coefficient for RTA

GaN1–xSbx films.
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lowest Sb contents. Also, for the samples with x¼ 0.18 and

0.42 grown by the multilayer intermixing method, measure-

ments could only be carried out after annealing at 500 and

550 �C, respectively.

The measured positive sign of the Hall coefficient con-

firms that the GaN1–xSbx thin films with higher Sb contents

are p-type. The hole concentration for the as-grown samples

with 27, 30, and 56% Sb is determined to be �2� 1018 cm�3,

a value already comparable to the highest reported values on

the hole concentration for Mg-doped GaN films.6,7 Annealing

tends to further increase the hole concentration; however, the

mobility remains almost unchanged. The highest values of the

hole concentration and corresponding lowest resistivities are

reached after annealing the films at temperatures of 550 to

600 �C. The highest hole concentration of 1.3� 1019 cm�3 is

measured for the film with an Sb content of 30% after RTA at

600 �C. The corresponding mobility and resistivity of the sam-

ple are �1 cm2(V s)�1 and 0.43 X cm, respectively. This is a

clear improvement compared to Mg-doped GaN films for

which the corresponding highest values of the hole concentra-

tion are in the low-1018 cm�3.

There are two possible reasons for the p-type conductiv-

ity of the GaNSb alloys. The alloys could separate into GaSb

and GaN phases with the p-type conductivity originating from

the GaSb phase forming an electrically connected network.

This is a highly unlikely scenario as the thermopower meas-

urements shown in Fig. 4 indicate that p-type conductivity is

observed in the samples with only 6% of Sb in which the pres-

ence of connected, electrically conducting GaSb phase in the

dominant GaN phase is impossible. No GaSb (or Sb) clusters

are observed in as-grown samples with x< 0.42. For annealed

samples with x� 0.18, TEM and XRD reveal that some iso-

lated GaSb clusters with diameters of �3 nm are embedded in

GaNSb matrix as shown in Figs. 3(a) and 3(b). Therefore, it is

reasonable to assume that the phase separation mechanism is

not responsible for the p-type conductivity in most of the as-

grown and annealed GaNSb samples.

A more viable explanation for the p-type conductivity

can be offered by considering the changes in the electronic

band structure of the GaNSb alloys based on a modified

band anticrossing (BAC) model.14 According to the model,

the large reduction of the bandgap of GaNSb alloys is due to

an abrupt upward shift of the VBE at low Sb content. The

inset of Fig. 6 shows the calculated density of states (DOS)

of GaN1–xSbx for x¼ 0, 0.05, and 0.3 using the modified

BAC model. Partial replacement of N with Sb in GaN produ-

ces an additional band with large density of states well above

the VBE of GaN. This fully occupied, Sb-derived band

forms a new VBE that is located more than 1 eV above the

VBE of GaN. In contrast, incorporation of Sb has only a

minor effect on the electronic structure of the conduction

band.

The large upward shift of the VBE DOS has a profound

effect on the charge carriers of GaNSb alloys. According to

the amphoteric defect model,22,23 the nature of the dominant

native defects and the doping behavior of semiconductor

materials are determined by the location of the band edges

relative to the common energy reference, the Fermi level sta-

bilization energy (EFS) located at 4.9 eV below the vacuum

level. Thus, semiconductors with a large density of the con-

duction (valence) band states closer to the EFS show propen-

sity for n-type (p-type) conductivity. This is well illustrated

by the case of GaN which, as illustrated the inset of Fig. 6,

has the VBE located about 2.5 eV below the EFS whereas the

conduction band edge (CBE) lies less than 1 eV above the

EFS. This is consistent with the well-known propensity of

undoped GaN for n-type conductivity and difficulty in dop-

ing it p-type.

The calculations presented in the inset of Fig. 6 show

that adding Sb to GaN to form GaN1–xSbx results in a drastic

shift of the VBE. Thus, as is shown in the inset of Fig. 6 for

x¼ 0.3, a large valence band DOS is located less than 1 eV

below EFS. This is expected to greatly affect the charge car-

riers in the alloys. To better evaluate the effect of the change

in the electronic structure on the electrical properties, we

have calculated the intrinsic Fermi level (EF,int) in undoped

FIG. 5. The measured hole concentration for RTA GaN1–xSbx films. The

inset shows the corresponding hole mobility of the alloys.

FIG. 6. Calculated (1) Fermi level of experimental samples annealed at

650 �C based on the hole concentration at RT measured by Hall effect, and

the BAC model; (2) Theoretical intrinsic Fermi level of GaN1–xSbx relative

to the CBE, and VBE and EFS of the alloy. The inset shows the calculated

DOS of GaN1–xSbx with an Sb content of (a) 0%, (b) 5%, and (c) 30%.
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GaN1–xSbx at room temperature (RT) as a function of com-

position. The results in Fig. 6 show that the EF,int, which is

located well below the EFS in GaN, moves up with composi-

tion and comes close to the EFS for x> 0.05. The low loca-

tion of EF,int � EFS in GaN means that donor-like defects

have a lower formation energy and are predominantly incor-

porated in this material. However, adding more Sb moves

EF,int close to EFS indicating that GaN1–xSbx alloys with

x> 0.05 have no clear preference for either n- or p-type

behavior and the type of conductivity could be related to dif-

ferences in defect reactions upon cooling of the non-

stoichiometric material.

Figure 6 also shows the Fermi level calculated for the

RT hole concentration determined from the Hall effect meas-

urements of samples annealed at 650 �C. As can be seen, the

Fermi level follows closely the VBE of the alloys. It means

that GaN1–xSbx alloys have a narrow partially occupied band

lying as low as 6 eV below the vacuum level. This brings up

an interesting opportunity of using GaN1–xSbx alloys as hole

emitters or energy selective contacts in photovoltaic devices

as the upper VBE subband of the alloy with �10% Sb lies

close to the VBEs of many standard group III–V and group

II–VI compound semiconductors.

In conclusion, using two different methods we have syn-

thesized undoped, p-type GaN1–xSbx alloys. We show that a

proper rapid thermal annealing can produce thin films with

hole concentrations higher than 1019 cm�3. The p-type con-

ductivity is attributed to a large upward shift of the valence

band edge resulting from the band anticrossing interaction

between the localized Sb levels and extended states of the

host matrix.
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