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Abstract:

Antimony doped ZnO layers have been grown by metal-organic vapor phase epitaxy on
sapphire and ZnO substrates at high temperature (950°C) and low-pressure conditions (50 torr).
Nitrous oxide and diethyl-zinc have been used as oxygen and zinc precursors, respectively. The
incorporation of antimony has been obtained from the decomposition of triethyl-antimony doping
molecules added in the gas phase. Sb concentrations were measured from 8.10'® to 10" at /cm™
using secondary ion mass spectroscopy. Our results suggest the formation of acceptor dopant-
defect complexes, such as the Sbz,-2Vz.. Low temperature photoluminescence spectra of Sb-
doped layers exhibit donor-acceptor pair transitions at 3.253 eV. Unlike Raman spectra of nitrogen
doped ZnO layers which show several local vibrational modes related to nitrogen incorporation,
these modes which are absent in the antimony-doped ZnO layers. n-ZnO/p-ZnO:Sb homojunction
diodes on ZnO substrate have been successfully elaborated. The current-voltage characteristics of

the device exhibit a rectifying behaviour with a turn-on voltage of 3V.

Keywords : ZnO, MOVPE, triethyl-antimony, thin films, antimony doping, photoluminescence,
SIMS, diode.
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1. Introduction

Zn0O is a wide direct band gap semiconductor (Eg = 3.37 eV). Its large exciton binding
energy (60 meV) at room temperature it one of the most promising candidates for the next
generation of short-wavelength light emitting diodes (LEDs) and lasing devices [1-2]. However,
the main obstacle to the realization of these components is the absence of an effective method that
allows for p-type doping in a controllable manner. Many research have been conducted to achieve
p-type doping in ZnO with group-V elements through various growth methods [3-7], such as
molecular beam epitaxy (MBE) [813], pulsed laser deposition [14], magnetron sputtering [ 15-18],
ion implanted [19-22] and metalorganic vapor phase epitaxy (MOVPE) [23-24]. Among these
techniques, metalorganic vapour phase epitaxie processes have an obvious advantage for future
industrialization. In this technique, metalorganic doping source is more controllable than inorganic
doping gases [25]. Consequently, it is necessary to exploit an effective metalorganic source for p-
type ZnO doping. In previous works, it has been reported experimentally and theoretically [15-
27], that Sb could be an effective acceptor impurity in ZnO. In that sense, commercialized
metalorganic compounds of Sb with less toxicity, such as trimethyl antimony (TMSb) and triethyl
antimony (TESb) can be used.

In this work, antimony doped ZnO layers and p-ZnO:Sb/n-ZnO diode structures were fabricated
by metalorganic vapour phase epitaxie using TESb as the doping source. Sb concentration was
measured by SIMS. The samples, grown on sapphire and ZnO substrates, were characterised by
Raman spectroscopy and photoluminescence (PL). I-V measurements were carried out on the

diode structures after deposition of metallic contacts.

2. Experimental procedures

Diethyl zinc and nitrous oxide N>O were used as zinc and oxygen precursors, respectively, and the
carrier gas was helium. Growth temperature was set at 950°C and pressure of the metalorganic
vapour phase epitaxie horizontal reactor was set at 50 torr [27]. Antimony doping was achieved
using triethyl antimony (TESb) fluxes of 4 umol/mn and 1 umol/mn (series of samples labeled E;
and Ea, respectively). The growth of these samples was carried out on different substrate: ZnO
(O), and oriented sapphires M (10-10), R (1-102), A (11-20), C (0001). Each series includes five
samples made under the same growth conditions deposited on different substrate.

To achieve the diode structure, the expected p-type ZnO: Sb layer (1.1 um thick) was grown on
top of the n-type ZnO substrate (500um thick). To measure the electrical properties of the ZnO
diode, Au—Ni electrodes with a thickness of 110 nm were deposited on the ZnO: Sb layer by the
conventional thermal evaporation technique and indium electrodes on the back side of the n-type

ZnO substrate by the welding technique.



The antimony concentration was determined by secondary ionization mass spectroscopy (SIMS)
technique (Cameca IMS-4F). The current-voltage (/-V) characteristics were measured using a
curve tracer type 576 at room temperature. The photoluminescence (PL) measurements were
carried out at low temperature (T = 4K) using the 334 nm argon UV laser line as excitation. Raman
spectroscopy measurements were carried out at room temperature with a T64000 Horiba Jobin
Yvon spectrometer equipped with a microscope in back-scattering configuration using 488 nm
argon laser line as excitation.

Scanning transmission electron microscopy (STEM) observations were made on a JEOL 2200 FS
microscope equipped with a geometric aberration corrector on the probe. Thinned samples were

prepared by focused ion beam technique after surface coating with Pt/C.

3. Results and discussion
3.3. Antimony doping of ZnO film

Secondary ionization mass spectroscopy (SIMS) measurement results are gathered in table 1 and
show that antimony is well incorporated into ZnO up to some 10?! at.cm™. The incorporation of
Sb in known to depends on the growth conditions such as TESb flux, temperature, growth rate and
also the crystalline quality of the deposited material. In that sense, substrate nature and orientation
is expected to have a major influence. The table 1 below compares the SIMS measurements for
the two experiments, according to the nature of these substrates of ten samples: ZnO (O-face), and
M, R, A, C oriented sapphires. It is observed that the epitaxial layers on sapphire R are too resistive
to be analyzed by SIMS. For the other substrates, we notice a strong incorporation of antimony on
sapphire M, A or C, up to 10*! at.cm™, compared to the case of homoepitaxy on ZnO(O) (~10"
at.cm™). The highest concentration is at the interface with the substrate. The growth rate is similar

in all these samples.



Series Samples ZnO:Sb/ZnO ZnO:Sb/ ZnO:Sb/ ZnO:Sb/ ZnO:Sb/
(O-face) Sapphire C | Sapphire R | Sapphire A | Sapphire
M
E1 (950°C, Concentration 1,3.10" 2.10*a 10 High 8.10Ya 10* | 3.10°a 10*!
TESb=4pmol/mn) (at.om™) resistive
Thickness 610 620 660 610
(nm)
Concentration 10" 1,436.10%° High 0,5a2.10% 1a3.10%
E» (950°C, (at.cm™) resistive
TESb=1pmol/mn) Thé;lfnn)ess 610 640 610 520

Table 1: SIMS measurements of antimony concentrations on doped ZnQO:Sb.

(b)

Figure 1: STEM HAADF images of antimony-doped ZnO layer grown on substrate ZnO:

(a) scale 200 nm and (b) 100 nm

The structural analysis of a homoepitaxial Sb-doped layer (ZnO:Sb/ZnO face-O) with a mean

concentration of antimony about 10'? at.cm™ was carried out by transmission electron microscopy.

Although this is homoepitaxy, threading dislocations can be seen, and seem to be associated with

the roughness of the surface (Figure 1a). In the zoom image (figure 1b) planar precipitates of Sb

close to the interface are revealed. This explains the high levels of concentration [Sb] measured

by SIMS at the film/substrate interfaces. In addition, a brighter chemical contrast is visible around

the dislocations, showing a location of the dopant around these crystal defects. Thus, we deduce

that the Sb content depends on the crystal defects, and it is suggested that the incorporation is

partly related to dislocations and other structural defects 13]. Our observations are in agreement
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with published works where the Sbzy,-2Vz, complex is considered to be an acceptor, and structural
defects facilitate its formation [28]. Hence, we do not expect to obtain p-type doping by
substitution of the oxygen atom with antimony, but rather via this complex associating two

vacancies of Zn to a antimony atoms in Zn sites.

3.2. Photoluminescence spectra:

Figure 2 shows the photoluminescence spectrum of the ZnO: Sb layer on sapphire. We observe
the most convincing DAP (donor-acceptor pairs) transition, around 3.25 eV, accompanied by its
two-phonon replicas. The transition related to stacking fault is seen at 3.32 eV [29], and thus
reveals the presence of a high concentration of these structural defects in the layer. This
observation agrees with the idea of an enhanced incorporation and/or a favoured activity of

antimony with certain types of defects.
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Figure 2: PL spectrum of a ZnO: Sb film on sapphire

3.3. Raman spectroscopy:

We report in Fig. 3 the room temperature Raman spectra of three different ZnO samples,
namely undoped, (ZnO (ND) antimony doped (ZnO:Sb) and nitrogen doped (ZnO:N) measured in
the wavenumber range from 100 to 1000 cm™'. These spectra are dominated by the known strong
peak E> mode (E.) located at about 438 cm™'. It is a characteristic of the wurtzite phase and
represents the vibration of oxygen atoms [30, 32]. The feature at 332 cm™', which can be seen in

the three spectra is a second-order Raman peak (E>"'- EzY) of ZnO [29]. Similar Raman lines
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located at 380 cm™!, 410 cm ™! and 581.2 cm™! are attributed to A; (TO), E1 (TO) and A; (LO) ZnO
Raman active modes, respectively [9, 31].

Moreover, an impurity, vacancy, interstitial or lattice distortion produces a disordered
environment. The electron wave function spread in the k-space and electron—phonon interaction
involves novel phonons of different wave vectors associated to impurity vibration and/or DATA
(Disorder Activated Transversal Acoustic) and DALA (Disorder Activated Longitudinal Acoustic)
Raman modes from the whole Brillouin zone. Then, in ZnO:N samples, additional Raman lines
are observed at 275, 510, 582, and 643 cm’!, and attributed respectively to additional modes related
to nitrogen doping [33-34]. However, those peaks are not observed in undoped ZnO and in ZnO:Sb
Raman spectra. In the case of ZnO:Sb sample, this could be explained by the big difference
between Sb and N molar masses (Ms, >> Mn). As the phonon frequency ratio Qn/Qsp is
proportional to v (Mg, /My ), the additional Raman line at frequencies Qx = 275, 510, 582, and
643 cm™ in ZnO:N (M~=14) should be expected to appear in ZnO:Sb Raman spectrum in the
frequency range [139 - 336 cm™']. In fact, the low frequency range in ZnO:Sb Raman spectrum is
really different of that of ZnO:N and undoped ZnO spectra. Also, some other peaks associated to
DATA and DALA modes appeared in this low frequency region due to the breaking down of the
wave vector conservation law in the Raman scattering,

For a better comparison between these ZnO:Sb, ZnO:N and undoped ZnO samples, a fitting
procedure of the Raman spectra in the low frequency range [100-300 cm™'] is needed. Fig. 4 shows
an example of mixed Lorentzian and Gaussian distribution fittings for those three samples. The
fitted region is resolved into twelve peaks. The obtained phonon frequencies of the fitted region
for the three films are shown in Table II. It is important to underline that certain criteria are
necessary to have a better fit of the Raman spectrum. In the case of the undoped ZnO, the Raman
spectrum has a wide band and a low signal/noise ratio which strongly affect the adjustment
procedure. The low frequency region (100 - 300 cm-1 for ZnO). corresponds mainly to transverse
acoustic phonons "TA" and longitudinal "LA" from the edges of the Brillouin zone. These modes

are normally forbidden in first order Raman processes and therefore unobservable. The choice of
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the number of peaks needed to adjust the lo w Raman frequency region depends on the number of
observed Raman peaks associated to the combinations of double-phonon modes (2TA, 2LA, TA
+ LA, etc.) at the different points of the Brillouin zone. The fitted Raman spectra show:

i- Common peaks sited at about 103, 113 and 134 cm™' which could be attributed to DATA and
DALA ZnO modes.

ii- The peaks at [157 - 162], [200 - 211] and [271 - 292] cm™! are mainly observed in doped ZnO:Sb
and ZnO:N. They could be to additional modes due to doping impurities and also to residual
impurities in undoped ZnO.

iii- The broadening bands at 134, 180 and 248 cm™ are very large and couldn't be associated to
Raman band. The incorporation of impurities into the material results the formation of deep
localized states in the band gap. We attribute them to the optical transitions due to the interactions

with phonons.
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Figure 3: Raman spectra at room temperature of thin films of undoped ZnO and
doped with antimony and nitrogen
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Figure 4: Raman spectra of ZnO (ND), (ZnO:Sb) and (ZnO:N), obtained at room
temperature, in the range 100 cm™ - 300 cm'. The spectra are fitted using Gaussian
and Lorentzian sub-bands.

Sample Additional modes (cm™)
E)
Zn0O : Sb 103 113 134 157 180 200 211
Zn0O :N 105 112 145 180 231 248 274 282 295
Undoped ZnO 105 112 130 162 202 211 238 271 292

Table 2. The observed additionnal modes in Sb, N doped and undoped ZnO thin films
grown by MOVPE.

3.4.1 (V) measurements on ZnQO:Sb thin films :

To check the presence of an potential p-type in homoepitaxial ZnO: Sb films, we have realized a

diode, with two Ni / Au contacts on the front doped layer, and indium back contacts on the



substrate. These contacts are used to measure the I (V) characteristic of the samples. The Ni/ Au
contact (10/100 nm) is deposited by thermal evaporation; without annealing [35, 46] whereas the

indium contact is soldered on the back side. The schema of the structure is shown in figure 5.

Figure 5: The diode structure

About ten samples were tested. Two of them showed rectifying characteristics between upper and

lower contacts. We also took care to check the ohmicity between the two upper (Ni/ Au) and lower

(In) contacts.
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(b)

Figure 6: I (V) Characteristics of a ZnO Diode:a) curve ; b) Photo

The room temperature I-V curve of the (p-ZnO:Sb/n-ZnO) p—n homojunction diode is shown in
figure 6. A clear rectifying behaviour of the ZnO p—n homojunction is demonstrated by the I-V
curve. The forward turn-on voltage and reverse breakdown voltage are 3.27V. As shown in the
inset of figure 6, the In n-type ZnO layer contact and the Au—Ni p-type ZnO:Sb layer contact both
show a good ohmic behaviour and confirm that the rectification behaviour arises from the ZnO

homojunction. These results further demonstrate the effective p-type conductivity of ZnO : Sb film
[47-48].
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4. Conclusion

Antimony doped ZnO films have been grown by MOVPE and characterized. We obtained a good
incorporation of antimony into the ZnO up to some 10?! at.cm™. This incorporation depends on
the growth conditions, and also on the crystalline quality of the deposited material. Our results
suggests the formation of dopant-defects complexes, such as Sbzy,-2Vz,, rather than a substitution
of the oxygen atom by antimony. This might be not a drawback. On the contrary, and according
to published works, the Sbz,-2Vz, complex is an acceptor which appearance is related to the
existence of structural defects. Our observations agree well with that. In particular, the layers
deposited on sapphire exhibit the best DAP transitions in photoluminescence, densities of large
stacking faults, and a high resistivity that could be related to residual n-type compensation by the
acceptors. Finally, the I(V) characteristics of our p-ZnO:Sb/n-ZnO structures highlight that the Sb-
doped ZnO layers are potentially p-type.
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