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Ion implantation of arsenic and nitrogen into zinc oxide film (As and N being acceptor
impurities in ZnO) has been shown to result in formation of the hole conductivity only if
the film is annealed in the presence of oxygen radicals. The ion implantation and sub-
sequent anneal influence not only the electric properties but also the photoluminescence
spectra of ZnO:Ga:As* (ZnO:Ga:N*) layers. The luminescence bands due to As and N
introduction appear in the UV and visible spectral regions.

Iloxasano, UTO MOHHAS HMILIAHTALIAA MBIIIBAKA (430Ta) B IJIEHKY OKcuaa IuHKa (AS u
N rar akmenTopHas nmpuMech B ZnQ) MoKeT IPUBOAUTL K (POPMUPOBAHMUIO ALIPOYHOIO TUIIA
MIPOBOAMMOCTH TOJLKO B cjJydae OT;KHra B aTMocdepe paguKaaoB Kucjaopoga. Momnas mMMII-
JAQHTAIUA W TOCHEAYIONUA OTMKUr BINAIOT He TOALKO HA 3JIeKTPUUYECKUE CBOMCTBa CJ0eB
Zn0:Ga:As* (ZnO:Ga:N*), Ho 1 Ha UX CHeKTPHI (GOTOTIOMUHECHeHIUN. I10J0CH TIOMUHECIIeH-
LU, KOTOphbie BeI3BAHLEI BHeapenueMm As u N, Habuarogaores B yabTpaduoaeTOBON U BUIUMOL

obJacTsaX CIeKTpa.

Zinc oxide is among the most popular
semiconductor materials and is used in de-
vices operated in surface acoustic waves,
integral optic elements, gas sensors, and
solar converters. Of a special interest is the
ZnO application as a material for lasers and
diode structures emitting in blue and UV
spectral regions. Among the wide-band A2B5
semiconductors, ZnO having the band gap
width 8.437 eV at 2 K [1] is very similar to
GaN (Eg~ 3.5 eV) in its optical and electro-
physical properties. The main ZnQO advan-
tage over GaN consists in the high exciton
binding energy (60 meV) that provides an
efficient exciton luminescence at room tem-
perature. Both n- and p-type conductance
ZnO materials are necessary to develop opti-
cal devices. However, it is difficult today to
provide the p-conductive material [2] be-
cause the impurity-free ZnO films prepared
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by any method show the n-type conductance
due to the great number of intrinsic donor
defects, such as zinc interstitials (Zn) or
oxygen vacancies (Vg) [3].

High-quality single-crystalline ZnO films
have been synthesized using the MBE
method with N radicals acting as the p-type
impurity [4]. Although the N concentration
(as measured by SIMS) is about 1019 ecm™3,
no changes in the conductance type were
observed. In the opinion of the authors, this
is associated with formation of deep traps
based on defects bound to nitrogen. The
p-type ZnO films doped with V Group ele-
ments (N, As) with hole concentration about
1019 cm™3 were obtained [5, 6]. The film
X-ray diffraction pattern show an intense
narrow ZnO (0002) peak evidencing a high
crystal perfection and strong film orienta-
tion along the ¢ axis. The films were doped
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with nitrogen in the course of growing by
addition of N,O and simultaneous usage of
Ga as a co-dopant. The authors note that
the p-type activation is due only to the fact
that introduction of the donor impurity fa-
vors the increased solubility of nitrogen.
The double doping, however, causes a sharp
drop of the current carrier mobility down to
0.05 ecm?2/(V-s). In [6], the p-type ZnO films
have been obtained on rn-type GaAs sub-
strate. The p-type ZnO is formed due to
thermal diffusion of the substrate compo-
nents into the ZnO film at the annealing
temperature of 728 K. The hole concentra-
tion, as determined from the Hall effect
measurements, attains 1018 to 1019 cm3 at
the carrier mobility of about 0.1 to
10 cm?2/(V-s), respectively. The authors con-
tend that As is a more prospective dopant in
ZnO than N, since their attempts to obtain
the p-type ZnO using N were unsuccessful.
There are some reports to p—n transitions
obtained using zinc oxide doped with donor
and acceptor impurities [7, 8]. The work [9]
is the only one that reports an emitting
homo-p—n transition based on ZnO. The di-
odes prepared, however, showed a weak
electroluminescence in the wavelength range
of 400 to 900 nm, while undoped ZnO films
show an intense photoluminescence in the
bound exciton region at 370 nm. The wide
electroluminescence region, as the authors
suppose, may be due to intrinsic and extrin-
sic defects in the p—n transition region. The
purpose of this work is to study the effect
of annealing in oxygen radical atmosphere
on As- and N-doped ZnO films. The use of
oxygen radicals [10, 11] provides the high-
est possible effective oxygen pressure over
the film and makes it possible to shift the
material stoichiometry towards oxygen ex-
cess, thus reducing the concentration of in-
trinsic donor defects.

The photoluminescence (PL) and electro-
physical properties of ZnO:Ga:N* and
Zn0O:Ga:As* films were examined in this
work. The initial Ga-doped ZnO films were
prepared by the MOCVD on the amorphous
SiO, substrate at 620 K. The film thickness
as measured using a MII-4 microscope was
0.5 to 1 pm. The X-ray diffraction was
measured using a DRON-2 instrument in Cu
K, emission. The diffraction pattern evi-
dence the ZnO (0002) orientation without
any reflections characteristic of other orien-
tations. As determined using the Hall ef-
fect, the layers possess the n-type conduc-
tivity at the carrier concentration of
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1017 em™3 and mobility of 120 em2/(V-s) at
room temperature. The As(N) impurity was
introduced by ion implantation at 1-1019 to
51021 em™3 doses. The implanted ion en-
ergy was 100 to 200 keV. The impurity dis-
tribution in the implanted layer was con-
trolled by the SIMS method. The conductiv-
ity type of the implanted layers was
determined by the Hall method. The conduc-
tivity was measured using four-probe tech-
nique. For the n-type layers, aluminum con-
tacts were used while for the p-type ones,
gold. The contacts were deposited in a
VUP-5 unit. To eliminate the radiation-in-
duced defects, to control the intrinsic defect
composition, and to shift the stoichiometry
towards oxygen excess, the ZnO:Ga:N* and
Zn0O:Ga:As* films were annealed for 30 min
in oxygen radical atmosphere within the
temperature range of 573 to 1273 K. The
PL spectra of the films were examined at
helium temperatures using a nitrogen pulse
laser ILGI-503 as the excitation source. The
oxygen radicals were produced in a HF dis-
charge of 40 W power under molecular oxy-
gen pressure of 0.1 to 10 Pa. The ion com-
ponent was separated out of oxygen plasma
using a magnetic field so that only oxygen
radicals attained the film surface. The oxy-
gen radical flow near the substrate surface
was 1016 to 1017 cm 2571,

Fig. 1 presents the spectrum of initial
Zn0:Ga films. An intense peak at 3.36 eV is
observed in the spectrum as well as phonon
repetitions peaked at 8.29, 38.21, and
3.14 eV. The optical phonon energy is about
72 meV. In the visible region, there is a
wide band peaked at 2.28 eV. The 3.36 eV
peak is ascribed to annihilation of excitons
localized at neutral donors. The dependence
of spectra for implanted ZnO:GaAs* and
Zn0O:Ga:N* layers annealed at 773 K on the
implanting dose is shown in Figs. 1 and 2,
respectively. As to ZnO:Ga:As* films, 3.33
and 38.25 eV peaks appear at the dose of
1-1019 ¢m=3 dose (Fig. 1lc). The intensity of
those peaks increases with the implanting
dose. As the dose rises up to 5-1021 ¢m 3,
the 3.33 eV PL band intensity drops. In PL
spectra of ZnO:Ga:N* layers, new bands ap-
pear in the blue region at 3.07, 3.14, and
3.22 eV as well as an UV emission peak at
3.29 eV ascribed to exciton possibly local-
ized at an acceptor (Fig. 2a). The PL band
intensity dependence on the implanting dose
is similar to that observed for ZnO:Ga:As*
films.
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Fig. 1. PL spectra of initial ZnO:Ga films (a);
those implanted with As+ (1019 cm™3 dose)
and annealed in molecular oxygen at 773 K
(b); those implanted with As* and annealed in
oxygen radicals at 773 K, the implantation
doses (cm™3): 1-1019 (¢), 3-1020 (d), 5-1021 (f).

As compared to the initial ZnO films
(Fig. 1a), additional peaks in the region of
acceptor-bound excitons at 3.33 eV (Fig. 1c¢)
and 3.29 eV (Fig. 2a) are seen in the spec-
tra of all the As and N implanted ZnO
films. It is to note that the annealing under
molecular oxygen atmosphere does not
cause any additional PL bands in the im-
planted ZnO film spectra (Fig. 1b). The ex-
perimental results presented above allow us
to ascribe the 3.38 and 3.29 eV peaks to the
exciton recombination at the (49,X) ac-
ceptor impurity (Asg and Ng) localized in
the oxygen sublattice. Those peaks are pre-
sent only in the PL spectra of doped films
Zn0O:Ga:As* and ZnO:Ga:N*, respectively. In
ZnO:N* films, a band peaked at 3.27 eV was
observed [12] that is associated with recom-
bination of excitons localized at accepting
nitrogen atoms substituting for oxygen.

Theoretically estimated ionization energy
E, = 13.6m}/mc}

of neutral acceptor
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Fig. 2. PL spectra of ZnO:Ga:N* films an-
nealed in oxygen radicals at 773 K, the im-
plantation doses (cm™3): 1-1019 (a), 3-1020 (b),
51021 (c).

(where the effective hole mass mj} = 0.73m,,

and low-frequency dielectric constant g; =
8.75 [12]) is about 130 meV. The ionization
energy of the acceptor center, as deter-
mined basing on temperature dependence of
intensity for the 3.833 and 3.29 eV PL
bands, is about 132 meV and 158 meV for
Asp and Ng, respectively. The maximum in-
tensity of those peaks is attained at anneal-
ing temperature of about 900 K. At low
annealing temperatures, the impurities act
obviously as the substitution defects and as
inclusion ones. The elevation of annealing
temperature results in an efficient reconsti-
tution of the crystal lattice and introduc-
tion of the impurity atoms into the oxygen
sublattice. The implantation dose increase
results in reduced intensity of the observed
spectral bands. This evidences formation of
numerous intrinsic defects (being non-radia-
tive recombination centers) at high implan-
tation doses. The band peaked at 3.22 eV
(3.25 eV) observed at low temperatures in
PL spectra of ZnO:Ga:N* (ZnO:Ga:As™) films
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Table. Resistivity and conductivity type of ZnO:Ga:As* (ZnO:Ga:N*) films annealed in oxygen
radicals as a function of annealing temperature

Sample Implantation Annealing temperature, K
dose, em™ 673 773 873 | 973 1073
Resistivity, Q-cm

ZnO:Ga:As* 1-1019 4.5:10% (n) | 7.4102 (p) 120 (p) 5.2:10% (n) 2.108 (n)
3.1020 5108 (p) 70 (p) 37 (p) 3-10% (n) 4.8-10% (n)
5-1021 1.3:108 (p) 42 (p) 20 (p) 4.810% (n) | 1.5-10° (n)

ZnO:Ga:N* 1-1019 7-10% (n) 1-102 (p)? 320 (p) 3.5:10% (n) 6-10° (n)
3.1020 2.2:108 (n) 65 (p) 43 (p) 2.1-10% (n) 2:108 (n)
5-1021 3:103 (p)? 83 (p) 30 (p) 3.3.10% (p)? 7-10% (n)

Zn0:Ga:N* 1-1020 3.2.10% (n) | 2.8.105 (n) 1-10% (n) o o

Note: The ZnO:Ga:N* sample (D = 1-102° ¢cm™3) has been annealed in molecular oxygen.

is related to recombination of carriers at
donor-acceptor couples (DAC) (D9,49), see
Figs. 1e, 2a. The temperature dependence of
the 3.22 eV (8.25 eV) band shows its drop-
ping intensity and the peak shift towards
shorter wavelengths. Such a temperature
dependence is typical of DAC transitions
that are transformed into the free acceptor-
electron (e, A%) ones at temperatures ex-
ceeding 80 K when the small donors in-
cluded into the couple are thermally ionized
[14].

The dependence of Zn0:GaAs*
(ZnO:Ga:N*) film electric conductivity on
the annealing conditions is presented in the
Table. The specific resistance of the films is
observed to drop when the annealing is done
in the 673 to 873 K interval. The resistivity
reduction is due to changes in the intrinsic
and impurity defect composition of the im-
planted layers. No conductivity type inver-
sion is observed when the annealing is done
at 673 K. In this case, it is just the deep
donor levels V5 that are the main centers
compensating the p-type impurity. This is
confirmed by the green band peaked at
2.3 eV in the PL spectra, that band being
related to oxygen vacancies fored as F' cen-
ters [15]. It is seen from the Table that the
implanted layers annealed in 773 to 873 K
temperature range show the p-type conduc-
tivity, the resistivity amounting 20 Q-cm.

It is to note that in our experiments, the
implanted layer resistivity is much lower
than in [12]. At low annealing tempera-
tures, a higher resistivity is observed that
can be explained by the fact that the tem-
perature is insufficient to provide the diffu-
sion of intrinsic and extrinsic defects. In
773 to 873 K temperature range, the resis-

Functional materials, 12, 4, 2005

tivity is 20 to 40 Q -cm. According to [16],
the Ga impurity favors the N solubility, the
latter increasing sharply at Ga concentra-
tions 1029 ¢cm™3 or higher. Nitrogen oxide
was used as the p-type impurity. It is to
note that the p-type conductivity is ob-
served only if N,O is activated by a HF
discharge. Unlike the results from [3, 5,
16], in our opinion, the use of nitrogen
oxide and gallium provides the positive ef-
fect, in first turn, due to introduction of
excess oxygen (being a component of N,O
plasma) into the film. This hinders the for-
mation of intrinsic donor defects compen-
sating the acceptors caused by oxygen.

Fig. 3 presents the SIMS profile of the
impurity distribution for p—-ZnO:Ga:N*
films. The SIMS data confirm the supposed
enrichment of ZnO films in oxygen during
the annealing. The O:Zn ratio is 1.06:1.
These data agree well with results [17]
where the annealing of ZnO films in air has
been found to favor the film enrichment in
oxygen, as determined by X-ray photoelec-
tron spectroscopy. The authors believe that
the excess oxygen is in free state, i.e., as
interstitial oxygen. The annealing tempera-
ture elevation above 900 K results in an
increased resistivity. This means an in-
creased concentration of intrinsic donor de-
fects that compensate the acceptors. It has
been shown [11] that there is a critical tem-
perature for A2B® compound annealing in
chalcogene vapors, the exceeding thereof
doing not result in hole conductivity. The
critical temperature for ZnO in oxygen radi-
cal flow of 1016 cm=2.s71 is estimated theo-
retically to be of 850 K [18], that agrees
well with the experiment. At temperatures
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Fig. 3. SIMS profile of nitrogen impurity dis-
tribution in ZnO:Ga:N* films implanted at
2:1020 dose and annealed in oxygen radicals at
778 K (I 044, 2 — Zng,, 3 — Nyy, 4 — Gagyg).

exceeding 1000 K, the dopant is observed to
be evaporated [19]. At a further elevation
of annealing temperature up to 973 K, the
resistivity increases up to 10% Q. cm. The
annealing in molecular oxygen atmosphere
does not result in the conductivity type in-
version, independent of the As (N) impurity
concentration. It has been shown in [11]
that the use of chalcogene radical atmos-
phere at the annealing increases the effec-
tive pressure of the atomic chalcogene by
more than 5 decimal orders. This results in
the conductivity type inversion in
ZnO:Ga:As* (ZnO.Ga:N*) films. The p-type
Zn0O films annealed at 873 K show the low-
est resistivity. The films doped with As (N)
at 5-1021 em™3 concentration have the car-
rier  concentration of  3.1-102! cm™3
(1.3-102! ¢m~3) and mobility of 2 em?2/(V-s)
(1.1 em2/(V-s)), respectively. The further
elevation of the annealing temperature in
oxygen radical atmosphere results in in-
creasing resistivity and n-type conductivity.
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Thus, we have studied the effect of an-
nealing in oxygen radical atmosphere on PL
and electrical properties of ZnO layers im-
planted with As and N ions. The PL bands
peaked at 3.33 and 3.29 eV are due to exci-
ton recombination at Asg and Ng acceptor
centers, respectively. The energy levels of
the acceptor centers are 130 meV for arse-
nic and 150 meV for nitrogen. ZnQO layers
of p-type have been obtained when annealed
at 773 to 873 K. The acceptor impurity is
activated only if being annealed in oxygen
radical atmosphere.
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DoTONIOMIHECIIEHTHI Ta eJeKTPO(Pi3udHi BJIACTUBOCTI
mapiBs ZnO p-Tuny iMIJIAHTOBAHUX eJeMeHTaMHu V Tpynu

M.B.Komnasapeécvrkuii, I.B.Pozo3in, O.B.Mapaxoécvruil

Iloxasano, mo iomma iMmaamranmia mum’aKy (asory) y miiBky oxkcugy nmuHKY (As i N ax
agnenTopua gomimia y ZnQ) mMoske IpuBOAUTH A0 (POPMYBaHHSA AiPKOBOTO TUILY IMPOBigHOCTI
TiILKM Y BUNIQJAKY Bixmany B armocdepi paamkasiB KucHIo. loHHa iMnanTtania i Hactynuui
Bifilas BILIMBAIOTHL He TINLKM Ha eJeKTPUUHi BracTuBocTi mapie ZnO:Ga:As* (ZnO:Ga:N*),
asie ¥ Ha ixHi cmekTpu QoroaoMinectieHIrii. CMyru JoMiHecIeHIlil, M0 BUKJNKAaHI BIPOBaI-
:xKeHHAM As i N, cmocrepiraiorbca B yabTpadioserosiii i Buagumiii ob6racTsax cHexTpa.
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