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ABSTRACT

Degradation of Zn;N, films is studied by using several analytical techniques. Polycrystal-
line Zn.N, films prepared by reactie rf magnetron sputtering are kept in the air. Electrical
and optical properties are measured by using van der Pauw technique and double-beam spec-
trometry. Structure and chemical bonding states are studied by X-ray diffraction(XRD),
Fourier transfer infrared ray spectroscopy(FT-IR) and X-ray photoelectron specroscopy
(XPS). Significant differences are observed in optical properties between the degraded film
and the ZnO film. XRD analysis reveals that the degraded film contains very small ZnO
grains because very weak and broad ZnO peaks are observed. XPS and FT-IR measurements
reveal the formation of Zn(OH); in the degraded film. The existence of N-H bonds in degrad-
ed films is exhibited from the N 1s spectra. Zn;N, change into the mixture of ZnO, Zn(OH),

and an ammonium salt.

INTRODUCTION

Zinc compounds have been actively investi-
gated because of their significant properties.
For example, zinc oxide (ZnQ), which is an n
—type semiconductor with a large optical gap
of 3.2 eV, is inportant material for transpar-
ent conductive films because Al-doped ZniN,
films shows high conductivity around 5x107*
Sem and high optical transparency above 85
% 1in the visible ranget" %, Zinc phosphide (Zn,
P,) is a promising material for solar cells be-
cause Zn;P, is a p-type semiconductor with
direct gap of about 1.5V, However zinc ni-
tride has been scarcely studied. Juza et al sy-

nthesized a ZniP, powder samplet*). The Zn,P
» powder is blackish in color. The structure of
Zn;P, is anti-scandium oxide structure®,
Zinc atoms locate at the fluorine positions in
CaF, structure, and nitrogen atoms occupy
the calcium positions and is surroundedd by
the four closest zinc atoms. We first prepared
a Zn3P, thin film using reactive rf ion plating
8, The Zn;P, film is near stoichiometric, and
its structure is determined to be amorphous
by X-ray diffraction. Recently, we have pre-
pared the polycrystalline ZnsP, films using re-
active rf magnetron sputtering!™ ®. The Zn;P,

film 1s determined .to be n n-type semicon-

‘ductor with a direct gap of 1.23+0.02 eV,
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and shows large electron mobility around
100cm?/Vs. Therefore, the Zn,P, film is a
promising material for solar cells. However,
Zn,P, is rather unstable in the ambience’;with
oxygen species. [t is thought that Zn;P, con-
verts to zinc hydroxide(Zn(OI—i)z) by the re-
action with H,O molecules,

Zn,P,+6H,0—3Zn(0OH),+NH.. (D

On the other hand, we oberve the degrada-
tion of the Zn,P, films prepared by reactive
rf magnetron sputtering, and the formation
of ZnsP; in the air. Polycrystalline ZniP,
films, which are prepared by reactive rf mag-
netron sputtering, are used as samples. Sev-
eral analytical techniques are used to eluci-
date the degradation process. ,

EXPERIMENTAL

Zn;P, films were prepared on substrates by
reactive rf magnetron sputtering. Borosilicate
glass and p-thpe(100) Si wafer were used
for substrates. A metallic zinc dise (100mmg-
was used as a target. The substrate was at-
tached to a substrate holder and the target
mounted on a cathode electrode. A sputtering
chamber was evacuated below 5x107* Pa
with a rotary pump and a diffusion pump. Ar
-N, mixtures areused as sputtering gases. Ar
and N, gases were introduced into the cham-
ber through each mass flow controller, and
the N, concentration was controlled from 20
to 100%. The Zn.P, films prepared at 20, 50,
90 and 100% N, were used for the samples.
The total gas pressure was kept at 1.0 Pa.
The subsstrate temperature was maintained
at 423 K during deposition by a heater set be-
hind the substrate holder. The distance be-

i

tween the substrate and the target was 70mm.
The rf power was maintained at 25 W. Film
thickness was measured with a stylus profi-
lometer and was 300-600 nm with 60-120
minutes deposition. The ZniP, films were
kept in the air (humidity : 50-80%).

Optical properties were studied by measur-
ing transmission and absorbance spectra with
a double beam spectrometry. A clean borosili-
cate glass was used as a reference. The opti-
cal properties of a ZnO film were also mea-
sured for the comparison. The ZnO film was
prepared on a borosilicate glass substrate by
reactive rf magnetron sputtering using a sin-
tered ZnO target. Electrical properties were
investigated by van der Pauw technique!®.

Electrical resistivity, carrier concentration
and mobility were measured. Structure was
measured by X-ray diffraction with CuKeara-
diation. Chemical bonding states were mea-
sured both by Fourie transform infrared spec-
troscopy (FT-IR) X-ray photoelectron spec-
troscopy (XPS). In the FT-IR measurement,
a clean Si wafer was used as a reference.
During as XPS measurement, the pressure of
the analytical chamber was kept below 1077
Pa order. A Mg anode was used as a X-ray
source, and was operated at the voltage of 12
kV and the current of 10 mA. Chemical com-
position of the degraded film was estimated
from the estimated from the peak area ratio

with sensitive factors.

RESULTS AND DISCUSSION

Optical and electrical properties
As—deposited Zn,P, films were blackish in

color and had a smooth surface. During expo-

sure to the air, the appearance of the Zn,P,
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films gradually varied to transparent and col-
orless. Figure 1 shows the transmission and
absorbance spectra of the as-deposited Zn,P,
film and the degraded ZnsP; films. The Zn,P,
film prepared at 90% N, was used for the
sample. The as-deposited Zn,P, film shows
transparency around 70% in the near infra-
red region, whereas the degraded film shows
high optical transparency in the visible and
infrared regions. The transmission and absor-
bance spectra of a ZnO film are also shown
in Fig. 1. The wavelength of the absorption
edge for the degraded film is shorter than
that for the ZnO. From the transmission spec-
trum, absorption coefficient (@)was calculat-
ed and the dependence of @ on photon energy
(hy) was examined to determine the band
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Fig. 1 Transmittance and absorbance spectra of
(a) the degraded ZnyN, fim, (b) the ZnO
film and (c) the degraded Zn;N, fim.

structure and optical band gap (Eg) by using
two equations,

(hve)*= A hy-Eg) (2)

for direct electron transition from valence to

conduction bands, and
(hva)'?= A(hy-Eg) (3)

for indirect electron transition. Here Sand £
are the edge width parameters. If the better
linear relation is observed for theequation (1)
rather than the eqution (2), the transition of
the electron is direct from the valence to con-
duction bands. Figure 2 indicates relation-
ships between hy and (hve)%. The degraded
film shows higher absorption than the ZnO
film in the ultra violet region. The Eg value
is determined by extrapolating the linear por-
tion to hue=0. The Eg value is determined to
be 3.26 eV for the ZnO film, whereas that is
determined to be 3.45 eV for the degraded
film. The BEg value of the degraded film is lit-
tle larger than that of ZnO. This difference
relate to the difference in structure and
chemical bonding states between ZnO and the
degraded film.
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Fig. 2 Dependdence of absorption coefficient on
photon evergy. The open circle shows the
ZnQ film, and the closed circle corresponds
to the degraded ZniN, film.
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Fig. 3 Changes of electrical properties of the Zr,N,
film with exposure time in the ar.

As-deposited ZniN, films indicate an n-
type conduction with resistivity (g) of 1073
to 107% Lem which depends on the N, concen-
tration in the sputtering gas'™ ¥, Figure 3
shows the changes in electrical properties
with exposure time of a Zn;N, film in air. In
this measurement, the sample is a Zn,N, film
prepared at 50% N,. The initial ¢ of the Zn;N
. film is about 3.2X107° £km. o gradually in-
creases with time up to 28 days, and at the
32 days p can not be measured by our equip-
ment because of its high electrical resistivity.
The degraded film shows high electrical resi-
sstivity. Carrier concentration (N) and mobhil-
ity (1) are also shown in Fig. 3. N slightly
decreases with time up to 28 days, while ¢ is
essentially constant. The slight increase in o
is attributed to decrease in N. Nitrogen va-
cancies and/or excess zinc atoms can act as
electron donors in Zn;N,. The electron donors
disappear by the degradation of Zn.N,. This
means that an insulating compound formed
in the degraded Zn:N; film.
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Fig. 4 X-ray diffraction patterns of the as-deposit-
ed ZnN, fims and degraded fims; (a) for
the ZnyN; film prepared at 20% N, {b) for
the ZndN, film prepared 100% N,

Structure

As-deposited Zn;N, films are characterized
to be polycrystalline, and the crystal orienta-
tion strongly depends on the N, concentration
in the sputtering gas. Figure 4{a’} and 4(b")
indicate the X-ray diffraction patterms of
the Zn,N; films prepared at 20 and 100% N,,
respectively. At 100% N, all the peaks ob-
served correspond to Zn;N, peaks™. This ob-
viously shows the formation of the polycrys-
talline Zn;N, film. On the other hand, a
strong and sharp 400 peak and weak 800 and
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721 peaks are observed for the film prepared
at 20% N, which means that the Zn,N,
grains preferentially grew. No ZnO peaks are
observed in the diffraction patterns. Figures
4 (a) and 4 (b) show the X-ray diffraction
patterns of the degraded films. The ZnjN,
peaks disappear in both diffraction patterns,
002 peak of ZnO is observed at 100% N,, and
101, 102 and 103 peaks of ZnO appear at 20
% N,. No Zn(OH), and Zn(OH). 0.5H,0
peaks are observed!!'%, The ZnO peaks ob-
served are very weak and broad, which indi-
cates that the size of the ZnO grains is véry
small and amorphous parts exist in the de-
graded film XRD analysis reveals the forma-
tion of ZnO in the degraded films.

Chemical bonding states.

In the FT-IR measurement, we used the
Zn;N, film prepared on a Si substrate at the
N, concentration of 20%. Figures 5(a) and 5
(b) corresponds the FT-IR spectrum of the
as-deposited Zn;N, film and the degraded
film. A peak due to stretching vibration of -
OH peak is clearly seen at 3437cm™! in the
spectrum of the degraded film. This peak
come both from adsorbed H,O molecules and
Zn(OH), formed.

XPS measurement was performed immedi-
ately after taking out the sample from the
sputtering chamber. The N 1s and O 1s spec-
tra of the as-deposited Zn;N, film are shown
in Fig. 6(a). The sample in a Zn;N, film pre
pared at 90% N,. No Ar etching is performed
to avoid the change in the surface state by
Ar ion bombardment. Both O 1s and N 1s
peaks can be divided into two peaks. The
main N 1s peak indicates a larger chemical
shift. The binding energy of the main peak

(a)As—Deposited Zn;N, Film

/\/@1;:0:: ZayN; Film

S ST R BT ST S T 1 "

4006 3000 2000 1600

Trancemittance[a.u.]

Wavenumber(cm™)

Fig. 5 FT-IR spectra of (a} as-deposited ZnsN, fim
and (b) the degraded ZniNj, film.
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Fig. 6 is and N is spectra of the as-depositde Zn:N,
film and degraded Zn3N, films prepared at 90
% N,

shifts 3.0 eV from the binding energy for
free,, amine(-NH,;). This obviously shows the
formation of N-Zn bonds originated from Zn,
N, . The small peak in the N 1s peak is attrib-
uted to the N-H bonding. The main O 1s



568 Journal of Korean Institute of surface Engineering Vol. 29, No. 5, 1996

a) ZnO ;

/

H

§
/1A

———

b) Degraded Film

/\

®

il TN

¢) Zn3N, A

Ny

/

J———

| I

985 995

Kinetic energy (eV)

Fig. 7 Auger L3M4, 5M4, 5 spectra of (a)
the ZnO film, (b) the degraded Zn;N

2 film and (c¢) the as-deposited Zn;N,
film. '

peak results from O-H bonds and the small O
1s peak indicates the formation of Zn-0
bonds. Figure 6(b) indicates the O 1s and N
1s spectra of the degraded film. In the N 1s
spectrum, no N-Zn peak is observed and
only the N-H peak is observed. The O 1s
peak also can be divided into two peaks, but
the ratio of the O-Zn peak to O-H peak for
the degraded film is higher than that for the
as-deposited film.

A large amount of H,O molecules immedi-

ately adsorbs on the as-deposited Zn,N, film
after taking out it to air. Thus, the O-H and
N-H bonds are observed for the as-deposited
Zn,N, films. The H,0 molecules react with Zn
. as eq. (1). Therefore the -OH stretching
vibration peak in the FT-IR spectrum is at-
tributed to the Zn(OH),, and XRD analysis
reveals the existence of ZnO in degr-aded
films. Therefore, the Zn-0O peak in XPS O 1s
spectra originates both from ZnO and Zn
(OH),. The ZnO is formed according to the
reaction,

Zn(OH),—»Zn0+H,0.

" The film composition was estimated from
the peak area ratio with sensitive factors. Ox-
ygen, nitrogen and zinc contents are about
82,6 and 12 atomic %, respectively. The lar-
ge amount of excess oxygen resulted from
adsorbed H,O molecules because of the smll

-amount of Zn. Hemce, the O-H peak mainly

originated from the H,O adsorbed on ZniyN, .
The N-H peak shows the formation of an
ammonium salt.

Fugyre 7 sgiws tge Ayger Zn LM, M,;
spectra. In this figure, Fig. 7(a), 7(b) and 7
(c¢) correspond to the ZnO, the degraded and
the Zn;N, films, respectively. A shoulder peak
is observed at 987.8 eV in the KM, M, ;
peak for Zn,N;. The shoulder peak becomes
a main peak in the L;M, ;M§; peak for the de-
graded film. This means that the peak is at-
tributed to the formation of O-Zn bonding

‘that formed by the reaction between ZnsN,

and H,O molecules absorbed. Compared with
the spectrum of the ZnO film, the band shape
of LM, M, peak for the degraded film is
very similar to the band for ZnQ, but the ki-

netic energy is little smaller than that for
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Zn0. The chemical shift for an Auger peak
relates to the change in valence electron den-
sity around an element; the decrease in va-

lence electron density causes the decrease in

kinetic energy of Auger electrons. Therefore |

the degraded compound probably has little
higher 1onicity rather than ZnO.

CONCLUSION

Degradation process of ZnsN, in the air has
been elucidated. Polycrystalline Zn;N, films
were used for samples and were kept In air.
The appearance of the ZnsN, film gradually
changed from blackish in color to transparent
and colorless. X-ray diffraction analysis re-
vealed the formation of very fine ZnO grains
because very weak and brpad ZnO peaks
were observed. XPS analysis revealed that a
large amount of H,0 molecules adsorbed on
the as-deposited ZnN, and degraded films.
FT-IR and XRS measurements showed the
formation of Zn(OH), formed by the reaction
between ZnsN, and H,0. The N-H bonding
was observed in N 1s spectra of the degraded
film, which came from a small amount of am-
monium salt. From these results, Zn;N, chan-
ged into a mixture of ZnO, Zn(OH), and an
ammonium salt by the reaction with H,O mol-
ecules adsorbed.
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