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Electrical behavior of Sb in ZnO:Sb layers doped in a wide concentration range was studied using

temperature dependent Hall effect measurements. The layers were grown by plasma-enhanced

molecular beam epitaxy, and the Sb concentration was changed by varying the Sb flux, resulting in

electron concentrations in the range of 1016 to nearly 1020 cm�3. Upon annealing, the electron

concentration increased slightly and more notable was that the electron mobility significantly improved,

reaching a room-temperature value of 110 cm2/V s and a low-temperature value of 145 cm2/V s, close

to the maximum of �155 cm2/V s set by ionized impurity scattering. Hall data and structural data

suggest that Sb predominantly occupies Zn sublattice positions and acts as a shallow donor in the

whole concentration range studied. In the layers with high Sb content (�1 at. %), acceptor-type

compensating defects (possibly Sb on oxygen sites and/or point-defect complexes involving SbO) are

formed. The increase of electron concentration with increasing oxygen pressure and the increase in

ZnO:Sb lattice parameter at high Sb concentrations suggest that acceptors involving SbO rather than

SbZn-2VZn complexes are responsible for the compensation of the donors. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4742984]

I. INTRODUCTION

Owing to a wide band gap of �3.3 eV at room tempera-

ture and a large exciton binding energy of 60 meV, ZnO holds

great promise for various applications in electronic and optoe-

lectronic devices.1,2 The absence of reliable p-type doping is

the major bottleneck limiting the development of various

types of bipolar ZnO-based devices,1,3 including light-

emitting and laser diodes. The p-type problem has been

ascribed to self-compensation of acceptors by native donor

defects (VO and Zni),
4 incorporation of hydrogen donors from

the growth environment,5 low acceptor dopant solubility lim-

its, and deep acceptor levels.6 In an effort to establish reliable

p-type doping of ZnO, a great deal of attention has been

focused on the group VA elements N, P, As, and Sb, which

would be expected to generate acceptor states if incorporated

substitutionally on the oxygen sites. It should be noted that the

ionic radii of all the aforementioned elements are larger than

that of oxygen. Therefore, nitrogen, with the smallest ionic ra-

dius among the group VA elements, is thought of the best can-

didate for p-type doping in ZnO. However, p-type doping

with nitrogen (including co-doping7) has resulted only in lim-

ited success in terms of stability and hole mobility. Nitrogen

creates a relatively deep acceptor level of 0.165 eV,8,9 has a

low solubility limit, and has the tendency to self-compensate

via the formation of donor-type complexes, such as N2 on O

sites and Zni-NO.10–12

Other group V elements, including P,6,13–16As,17–20 and

Sb21–23 have also been reported to lead to p-type ZnO.

However, reproducibility of the results and stability of the

p-type conductivity are under question. For example, the

p-type conductivity of ZnO:Sb reported by Aoki et al.22

might come under question because the reported hole con-

centration of 5� 1020 cm�3 is extremely high. Similarly, it is

fair to state that questions might also arise regarding the

light-emitting diodes based on p-ZnO:Sb/n-ZnO:Ga homo-

junctions24 which exhibit extremely low light output power,

inconsistent with the earlier reported hole concentrations and

mobilities.23 Fundamentally, since the ionic radii of the

group V elements, especially As3� (2.11 Å) and Sb3�

(2.44 Å), far exceed that of O2� (1.38 Å),25,26 they are more

likely to occupy Zn sites (ionic radii are 0.58 Å for As3þ and

0.76 Å for Sb3þ vs. 0.6 Å for Zn2þ)26 and act as donors.

Indeed, using the emission channeling technique, Wahl et al.
found that the majority of implanted As (Ref. 17) and Sb

(Ref. 27) ions occupy Zn sites in ZnO.

In an attempt to explain the acceptor behavior of the

large group V elements (As, Sb) in ZnO, Limpijumnong

et al.28 proposed a model based on first-principle calcula-

tions. In this model, the large-size-mismatched group V dop-

ant ions occupy Zn sites but form a complex with two

spontaneously induced Zn vacancies. These AsZn–2VZn or

SbZn–2VZn complexes create shallow acceptor levels and are

responsible for p-type conductivity. However, Janotti and

Van de Walle29 have pointed out that the formation of these

complexes is unlikely from an energetic point of view, and

entropic considerations argue against their formation because

the complexes are comprised three constituents. Puchala and

Morgan30 have recently showed that there is a more stable

configuration in which the As or Sb atom occupies an inter-

stitial position, leaving behind another Zn vacancy, so the

a)E-mail: hmorkoc@vcu.edu. Telephone: þ1 804 827 3765. Fax: þ1 804

827 0006.
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entire complex is (As,Sb)I-3VZn. This complex generates a

deep level, so it is not effective acceptor. It should be also

noted that four constituents involved into this complex make

the probability of its formation very low.

In this work, we undertook an experimental investigation

of the conduction type and carrier concentration and mobility

in ZnO doped with Sb in a wide range of concentrations using

temperature dependent Hall effect measurements and corre-

lated these data with structural data. The ZnO:Sb layers have

been grown by radio-frequency plasma-enhanced molecular

beam epitaxy (PE-MBE), and Sb concentration was tailored

by varying the Sb flux, resulting in a variation in electron car-

rier concentration from 1016 to nearly 1020 cm�3. A consistent

explanation of all the data is that Sb predominantly occupies

Zn positions and acts as shallow donors in the whole concen-

tration range studied.

II. EXPERIMENTAL

Sb-doped ZnO (ZnO:Sb) layers �200 nm thick were

grown on a-plane sapphire substrates by plasma enhanced

MBE. For enhanced nucleation, 5-nm-thick low-temperature

(300 �C) ZnO buffer layers were inserted between the sub-

strates and the ZnO:Sb films. The growth of the ZnO:Sb films

was monitored by in situ reflection high energy electron dif-

fraction (RHEED). The Zn cell temperature was fixed at

350 �C for all samples. Three sets of samples were studied.

First, to investigate the effect of Sb doping, a series of

samples with different Sb content were grown. The concen-

tration of Sb in the layers was controlled by varying the Sb

flux via changing the Sb cell temperature, TSb, from 370 �C
to 570 �C. The substrate temperature was kept constant at

400 �C, and the oxygen pressure, PO2
, during growth was set

at 9� 10�6 Torr to provide near-stoichiometric growth con-

ditions31 (reactive oxygen-to-metal flux ratio of �1).

Second, to study the effect of substrate temperature, we

grew a set of four samples at a substrate temperature of

400 �C or 600 �C with TSb¼ 400 and 550 �C.

Third, to study the effect of PO2
on electrical properties of

ZnO:Sb, we grew a series of layers at PO2
¼ 4.5� 10�6 Torr

(metal-rich conditions, reactive oxygen-to-metal flux ratio

< 1), 9� 10�6 Torr (near-stoichiometric conditions), and

1.5� 10�5 Torr (oxygen-rich conditions, reactive oxygen-to-

metal flux ratio> 1), with fixed TSb and substrate temperature.

To study the effect of thermal treatment, post-growth rapid

thermal annealing (RTA) at �600 �C in nitrogen environment

for 3 min was employed for selected ZnO:Sb samples.

To rule out the possibility that the electrical properties

of ZnO:Sb films are affected by Al out-diffusion from the

sapphire substrate, several samples were duplicated on

330 -lm-thick bulk ZnO substrates (CrysTec GmbH). To

produce a surface with atomic steps, the ZnO substrates were

annealed in air at 1050 �C prior to loading into the MBE sys-

tem. Approximately 300-nm thick ZnO:Sb and undoped

ZnO layers were grown at PO2
¼ 9� 10�6 Torr with different

TSb of 0, 430, and 525 �C.

The crystal structure of the layers was characterized by

high-resolution x-ray diffraction (HRXRD) and scanning

transmission electron microscopy (STEM). STEM images

were acquired with a 24.5 mrad semi angle probe, 24.5 pA

probe current, and �0.8 Å resolution. Low angle annular

dark field (LAADF) STEM images with a STEM detector

range of 28.8 to 143.8 mrad were used to emphasize strain

contrast from defects.

Carrier concentration and mobility in the ZnO:Sb layers

were obtained from the Hall measurements in the van der

Pauw configuration at room temperature for all samples. For

selected samples, Hall measurements were performed as a

function of temperature.

III. RESULTS

The Hall effect measurements at room temperature

revealed n-type conductivity in all the ZnO:Sb layers grown

in a wide range Sb fluxes and thus in a wide range of Sb con-

centrations. Figure 1(a) shows the electron concentration as

a function of Sb cell temperature, TSb. Note that the electron

concentration first rises exponentially with TSb, then saturates

at about 7.6� 1019 cm�3 (region 1 in Fig. 1), and finally

drops to 1� 1017 cm�3 as TSb is further increased from 480

to 550 �C (region 2 in Fig. 1). A further increase in TSb up to

570 �C (not shown) produces insulating ZnO:Sb films with

resistance ranging from tens to hundreds of M�X, preventing

reliable Hall measurements, indicative of highly compen-

sated material.

The increase in electron concentration with TSb in region

1 is due to increasing Sb concentration in the films. For sam-

ples grown at TSb¼ 430 �C (region 1) and TSb¼ 520 �C
(region 2), the Sb content was measured by STEM energy

dispersive spectroscopy (EDS) on cross-section samples.

The Sb concentration was found to be below the EDS detec-

tion limit (estimated at �0.1 at. %) for the first sample, and

0.9 at. % for the second. The initial increase in electron
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FIG. 1. (a) Electron concentration and (b) mobility in as-grown ZnO:Sb

layers as functions of TSb.
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concentration indicates that the increasing Sb concentration

creates donors. The decrease in electron concentration with

further increasing TSb in region 2 may be explained by for-

mation of Sb-containing acceptor-type compensating

defects, as discussed below.

The properties of ZnO:Sb on bulk ZnO substrates were sim-

ilar to those of ZnO:Sb on sapphire. We measured three layers

on bulk ZnO substrates; one that was nominally undoped, the

second grown with TSb¼ 430 �C (region 1), and the third grown

with TSb¼ 525 �C (region 2). Similar to their counterparts on

sapphire, the nominally undoped ZnO film and the heavily doped

film grown with TSb¼ 525 �C were highly resistive (20–30 kX
for probe separation of 2–3 mm). Because the layers were grown

on conductive ZnO substrates, we were not able to derive reliable

values of carrier concentration, as parallel conduction through

the ZnO substrate becomes a complicating factor.

The layer grown with TSb¼ 430 �C was conductive with

a resistance of 200–300 X measured with 2 probes on the

layer separated by 2–3 mm, which is comparable to its coun-

terpart grown on sapphire. Hall effect measurements per-

formed with contacts formed on the film side of this sample

yielded a Hall mobility of �90 cm2/V s and a sheet electron

density of 4.11� 1014 cm�2. Because the ZnO substrate is

also conductive, its contribution to the electrical properties

of the sample must be assessed. Although the electron con-

centration in the ZnO substrate is relatively low (1014 to

1015 cm�3 range), its contribution to the Hall measurements

may be substantial because of the relatively large substrate

thickness (330 lm). The electrical properties of hydrother-

mal ZnO substrates heat-treated in air and then in vacuum

during the MBE growth can differ from those of as-received

ones. For this reason, we performed Hall effect measure-

ments with contacts applied on the back side of the substrate

for the undoped, non-conducting ZnO layer. The total mobil-

ity and sheet carrier density for the ZnO substrate were

�80 cm2/V s and 4.93� 1013 cm�2, respectively. Using the

double-layer analysis32,33 in which the first conducting layer

is taken as the ZnO:Sb film and the second one as bulk ZnO,

we calculated the electron concentration in the ZnO:Sb thin

film grown with TSb¼ 430 �C to be� 1.3� 1019 cm�3, which

is close to the value obtained for its counterpart grown on

sapphire (4.4� 1019 cm�3). The minor difference in the car-

rier density may be due to (1) out-diffusion of alkali metals

(Li and Na) from the bulk ZnO substrate fabricated by

hydrothermal growth technique, which act as compensating

acceptors; (2) the inaccuracy introduced by the double-layers

analysis, and (3) the possible Al out-diffusion from sapphire

substrate supplying additional donors to the ZnO:Sb layers.

Figure 1(b) shows the Hall mobility in ZnO:Sb layers

grown on sapphire as a function of TSb. In region 1, the Hall

mobility first rises from 43 cm to �70 cm2/V s as TSb

increases from 370 �C to 430 �C, and then drops down to

5 cm2/V s with the further increase of TSb from 430 �C to

550 �C. Figure 2 shows temperature-dependent Hall effect

data on the samples grown with TSb¼ 460 �C (the second

highest electron concentration), TSb¼ 430 �C (the highest

mobility) and the annealed sample with the highest mobility.

The carrier concentration in all the samples is temperature

independent, indicating that they are degenerate. The

temperature dependence of mobility can shed light on the

dominant carrier scattering mechanism. In heavily doped ZnO

(carrier concentrations> 1019 cm�3), three major mechanisms

can contribute to the electron scattering: scattering on grain

boundaries, scattering on ionized impurities, and scattering on

polar optical phonons.34,35 The former two mechanisms are

operative in a wide temperature range, while the latter one

becomes important at temperatures above 150 K in high-

quality material with dominating ionized-impurity scattering.

For all our samples, the mobility is independent of tempera-

ture below �150 K, suggesting that ionized impurity scatter-

ing dominates.35 The reduction in mobility above �150 K is

attributable to the contribution of polar-phonon scattering.35

The temperature dependences of the mobility show no signa-

ture of grain boundary scattering.35

The increase in mobility with TSb in region 1 (Fig. 1(b))

can be explained by screening of ionized impurities by free
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highest mobility. Solid curves are the result of fitting by the method

described in Ref. 35.
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electrons whose concentration also rises with TSb. The

decrease in the mobility with further increase in Sb content

may be attributed to the formation of compensating defects in

the layers grown with TSb> 430 �C. Degradation of the struc-

tural quality of ZnO:Sb with increasing Sb content, evident

from XRD and TEM data discussed below, may also play a

role. Upon annealing, the electron concentration increases

slightly and the electron mobility is significantly improved

(Fig. 2(c)). The annealed sample shows a room-temperature

mobility of 110 cm2/V s and a low temperature mobility

of 145 cm2/V s, which is close to the maximum mobility

(�155 cm2/V s for donor concentration of 4.5� 1019 cm�3)

calculated from the degenerate form of Brooks-Herring for-

mula for ionized impurity scattering.33

Figure 3(a) shows the out-of-plane c lattice parameter

derived from 2h-x HRXRD scans as a function of TSb. For

TSb up to 500 �C (the entire region 1 and a portion of region

2 in Fig. 1(a)), the c lattice parameter varies only slightly

around the bulk ZnO value of 5.206 Å. However, it abruptly

increases to 5.296 Å for TSb¼ 520 �C and continues to

increase for the layer grown with TSb¼ 550 �C. Figure 3(b)

shows the full width at half maximum (FWHM) of the

(0002) XRD x-rocking curves as a function of TSb. The

FWHM remains virtually unchanged (FWHM� 0.53�) with

TSb in region 1, then increases rapidly in region 2

(TSb� 480 �C). The broad XRD x-rocking curves point to

inferior crystal quality of ZnO with high Sb concentration.

This finding is in agreement with the electrical data (Fig. 1)

pointing to defect formation in heavily doped layers.

Figures 4(a) and 4(b) display cross-sectional STEM

images of the sample with low Sb content grown with

TSb¼ 430 �C and the sample with high Sb content grown with

TSb¼ 520 �C, respectively. As can be seen pores and disloca-

tions are the predominant defects. We should state that appear-

ance of pores is not a STEM sample preparation artifact and

has also been observed in ZnO layers heavily doped with Ga.35

The density of dislocations in the Sb doped ZnO layers is

4 6 1� 1010 dislocations/cm2, estimated from the abovemen-

tioned images and STEM electron energy loss spectroscopy

measurement of the local samples thickness.36 Within the 25%

uncertainty caused by the limited viewable area in cross-

section STEM samples, there is no difference in dislocation

density between samples grown with TSb¼ 430 �C and 520 �C.

Figures 5(a) and 5(b) show the effect of oxygen pressure

PO2
during growth on electron mobility and electron concen-

tration in the ZnO:Sb layers with low Sb concentrations

(region 1). For the layers grown under Zn-rich conditions

(PO2
¼ 4.5� 10�6 Torr), both concentration and mobility are

considerably lower than those for the samples grown at

higher oxygen pressures.

Table I compares the electrical characteristics of films

grown at TSb¼ 400 �C (region 1) and 550 �C (region 2) at sub-

strate temperatures of 400 and 600 �C. One can see that the

increased substrate temperature results in a decrease in electron

concentration and mobility for both region 1 and region 2.
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FIG. 3. (a) Out-of-plane c lattice parameter derived from 2h-x HRXRD

scans and (b) FWHM of (0002) ZnO:Sb XRD x-rocking curves as a func-

tion of TSb.

FIG. 4. Cross-sectional LAADF STEM images of samples with (a) low Sb

content (TSb¼ 430 �C) and (b) high Sb content (TSb¼ 520 �C) showing that

dislocations and voids are the dominant extended defect in both samples.
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Since high PO2
and post-growth oxygen annealing have

been reported to enhance hole concentration or even switch

n-type ZnO(As,Sb) to p-type,28 possibly by creating Zn vacan-

cies for (As,Sb)-2VZn clusters, we grew ZnO:Sb layers with

different oxygen pressures, PO2
¼ 4.5� 10�6, 9� 10�6, and

1.5� 10�5 Torr, and the remaining parameters were selected

from our previous results for minimum electron concentration:

high substrate temperature (600 �C) and high Sb flux

(TSb¼ 550 �C, region 2). In all cases, the ZnO:Sb was still

n-type. In the first and second cases, the electron concentra-

tions are in the mid-1016 cm�3 range, while electron mobilities

are �2–3.7 cm2/V s, resulting in a resistivity around 27–42 X
cm. For the sample grown at PO2

¼ 1.5� 10�5 Torr, the resis-

tivity varied around 400 X cm but the measured carrier con-

centration and mobility depend on the measurement

conditions (applied magnetic field of 5–7 kG and current of

5–20 nA) and, consequently, are not reliable. The unreliability

could result from strong localization of free carriers caused by

high defect concentrations in the sample.

IV. DISCUSSION

All of our experimental data lead to the conclusion that

Sb acts primarily as a donor, not an acceptor, in ZnO. This is

true for all substrate temperatures, Sb concentrations, and

PO2
, in the as-deposited and annealed states, and on sapphire

and bulk ZnO substrates. Similar results were found by Zhu

et al.,37 who reported electron concentrations ranging from

1.6 to 5.78� 1019 cm�3 in ZnO:Sb layers grown on glass

substrates by pulsed laser deposition.

We propose that, at low Sb concentrations, Sb species

incorporate on the Zn sites and act as donors, and at high

Sb concentrations, some Sb atoms begin to incorporate on

the O sites or form point defect complexes that act as

acceptors; however, they are unlikely to be SbZn–2VZn,

since an abrupt increase in the lattice parameter (shown in

Fig. 3(b)) cannot be expected in this case. This hypothesis

is consistent with all of our electrical and structural data. In

Fig. 1, the initial increase in the electron concentration in

region 1 is explained by increasing donor Sb incorporation

on Zn sites. In this region, the c lattice parameter shown

in Fig. 3(a) is essentially unchanged, because the ionic

radius of Sb3þ (0.76 Å) is close to that of Zn2þ (0.6 Å).

In region 2, the decrease in electron concentration with

further increases in TSb is explained by the formation of

Sb-containing compensating acceptor defects, such as SbO.

The large jump in c lattice parameter occurs due to a

change in site occupation for some of the Sb ions, poten-

tially in the O sublattice, since the ionic radius of Sb3�

(2.44 Å) far exceeds that of O2� (1.38 Å).

An increase in dislocation density with increasing Sb

content in ZnO:Sb has been reported by Guo et al.3 Although

no increase was seen in our STEM data, higher dislocation

density may be the cause of considerable broadening of the

XRD rocking curves in region 2 of Fig. 3(b). We suggest

that this may be explained by large lattice distortions arising

from Sb incorporation on the O sites, paving the way for dis-

location formation.

The effect of PO2
(Fig. 5) is also consistent with the

formation of SbZn donors. Zn-rich conditions (low PO2
) sup-

press incorporation of Sb on Zn sites and formation of SbZn

donors, resulting in low electron concentration. On the other

hand, high PO2
(Zn-deficient conditions) favors incorporation

of Sb on Zn sites and suppresses the incorporation of Sb on

O sites. Both factors lead to higher electron concentration

and mobility. Figure 5 shows the saturation in electron con-

centration as TSb approaches 480 �C, independent of PO2
,

which is also the boundary between region 1 and region 2 in

Fig. 1. This behavior suggests a solubility limit for Sb ions

on the Zn sites. Above this Sb concentration limit, we pro-

pose that some Sb species begin to incorporate into the oxy-

gen sites, which is consistent with the XRD data showing a

rapid degradation of ZnO:Sb crystallinity with increasing TSb

in region 2, as illustrated in Fig. 3(b). Sb may be involved in

Sb-containing point-defect complexes, some of which can

act as acceptors, but the PO2
data in Fig. 5 are inconsistent

with acceptor SbZn-2VZn complexes. The concentration of

SbZn-2VZn complexes should increase with PO2
, since the

probability of Zn vacancy formation is higher for high PO2
.

As a result, the compensation ratio should increase, and the

electron concentration should decrease with increasing PO2
,

which is not the case as seen in Fig. 5. Therefore, one

can conclude that SbO acceptors rather than SbZn-2VZn
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FIG. 5. Effect of oxygen pressure, PO2
, on (a) electron concentration and (b)

mobility for the ZnO:Sb layers grown with low Sb flux (region 1).

TABLE I. Effect of substrate temperature effects on electrical properties of

ZnO:Sb films.

Tsb, �C Tsubst,
�C n, cm�3 l, cm2/V s q, X cm

(Region 1) 400 1.68� 1019 58.73 0.0063

400 600 1.39� 1019 39.27 0.0117

(Region 2) 400 10� 1016 5.03 12.5

550 600 6.7� 1016 2.17 42.6
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complexes are responsible for the compensation of SbZn

donors. Finally, the reduced electron concentration and

mobility observed at higher substrate temperatures shown in

Table I could be explained by the relatively lower incorpora-

tion efficiency of Sb on Zn sites and the formation of

acceptor-type defects compensating donors.

V. CONCLUSION

We studied the electrical behavior of MBE-grown

ZnO:Sb layers, wherein Sb concentration was controlled by

varying the Sb flux. Sb was found to act as a donor in a wide

range of concentration producing electron densities ranging

from 1016 to nearly 1020 cm�3. Upon annealing, the electron

concentration increased slightly and the electron mobility

significantly improved, reaching a room-temperature value

of 110 cm2/V s and a low-temperature value of 145 cm2/V s

along with an electron concentration of �4.5� 1019 cm�3

for a layer with a low Sb content of �0.1 at. %. Based on

Hall effect measurements XRD data, we conclude that Sb

predominantly occupies Zn positions and acts as a donor in

the whole concentration range studied. At high Sb content

(�1 at. %), acceptor-type compensating defects, most likely

Sb on oxygen sites, are formed, leading to a decrease in net

electron concentration. The increase of electron concentra-

tion with increasing oxygen pressure at relatively low Sb

concentrations (�0.1 at. %) and the increase in ZnO:Sb lat-

tice parameter at high Sb concentrations (�1 at. %) both sug-

gest that SbO acceptors rather than SbZn-2VZn complexes are

responsible for the compensation of the donors.
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