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Influence of sputtering pressure on optical constants of a-GaAs;_,N, thin films*
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Abstract: Amorphous GaAs;_x Ny (a-GaAs;_,N,) thin films have been deposited at room temperature by a reac-
tive magnetron sputtering technique on glass substrates with different sputtering pressures. The thickness, nitrogen
content, carrier concentration and transmittance of the as-deposited films were determined experimentally. The
influence of sputtering pressure on the optical band gap, refractive index and dispersion parameters (E,, E4) has
been investigated. An analysis of the absorption coefficient revealed a direct optical transition characterizing the as-
deposited films. The refractive index dispersions of the as-deposited a-GaAs;_, N, films fitted well to the Cauchy

dispersion relation and the Wemple model.
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1. Introduction

Amorphous GaAs;—xNy (a-GaAs;—xNy) has received
much attention in recent years!! because of its special mate-
rial properties such as lattice matching with Sit?3! and very
few phase separations at an appreciable nitrogen content!*l. In
addition, a-GaAs;_, N is expected to have varying character-
istics according to the N content, from a GaAs-like film to a
GaN-like film[>:6]. Therefore, studies on optical, electrical and
structural properties of a-GaAs;_, N are of essential impor-
tance. Knowledge of optical constants such as the absorption
coefficient, optical band gap and refractive index of the semi-
conductor is indispensable for the design and analysis of var-
ious optical and optoelectronic devices!”>8!. The experimental
data of transmittance can be analyzed to obtain material optical
constants(®); less work, however, has been devoted previously
to an a-GaAs;_,N, alloy system[!6l.

On the other hand, the direct-current magnetron sputtering
technique is particularly attractive because of its overwhelming
advantages in comparison with other deposition methods. It is
low cost, easy-to-use, safe and very suitable for the fabrication
of amorphous thin film!%- 111,

In the present work, a-GaAs;_N, thin films were
sputtering-deposited on glass substrates by different sputtering
pressures at room temperature. The thickness, nitrogen content,
carrier concentration and transmittance of the as-deposited
films were measured. A systematic investigation of the optical
constants of a-GaAsj_, Ny thin films depending on sputtering
pressure has been carried out.

2. Experiment

a-GaAs;_, N, films were prepared on Corning 7059 glass
substrates by the radio frequency (RF, 13.56 Hz) reactive mag-

PACC: 7820D; 7820P; 7840

netron sputtering technique using a conventional sputtering
setup (JCP-350, Beijing Technol Science Co. Ltd). Glass sub-
strates were ultrasonically cleaned in acetone, rinsed in alcohol,
and subsequently dried in flowing nitrogen gas. The substrate
temperatures were maintained at about 20 °C by cooling wa-
ter in order to obtain the amorphous phase of the GaAs;—,Ny
films. Two non-doped GaAs crystal wafers with a diameter of
50 mm were used as the sputtering targets with a high de-
position rate. A mixture of N, and Ar gas was used as the
working gas. The target-substrate distance was 110 mm. Be-
fore film deposition, the targets were sputtering-etched in Ar
plasma for 30 min to maintain a clean target surface. The
sputtering chamber was evacuated with a background pres-
sure well below 1 x 107* Pa by a turbo-molecular pump
coupled with a rotary pump. High purity (99.999%) N, and
Ar gases were let into the chamber through the individual
mass flow controller. Flow rates of N, and Ar gas were fixed
at 3 and 30 sccm respectively. The sputtering time was 60
min and the RF power of every target was kept at 50 W
for every run. The total chamber pressure was varied from
0.5 to 3 Pa for different samples using a throttle valve. Sub-
strate holder rotated with a speed of 10—15 round/min by a
step motor during the deposition in order to obtain a uniform
film.

The film thickness d was determined by a surface profiler
(Tencor Alpha-Step 200 Instrument). For the atomic concen-
tration of elements in the films, the energy-dispersive spec-
troscopy (EDS) measurement was done in a Noran Instrument
EDS System. The carrier concentration was determined by the
hall measurement using the Van Der Pauw method. The op-
tical transmittance spectra were measured by a spectropho-
tometer (UV-3100, Shimadzu) over the wavelength range of
300-2600 nm.
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Table 1. Thickness, N content and carrier concentration of a-
GaAsj—x Ny thin films deposited at different sputtering pressures.

Sputtering Thickness  x value  Carrier concentration
pressure (Pa) (nm) (%) (1017em=2)

0.5 934 11.3 1.52

1 905 11.5 3.07

2 718 14.8 4.09

3 522 323 6.89

3. Results and discussion

The thicknesses of the deposited films, determined by a
surface profiler were listed in Table 1. A reduction in thickness
indicates that the deposition rates decrease with the increase of
sputtering pressure. At low pressure, the ion energy distribu-
tion in the plasma is sharper and the average energy is larger
than that at high pressure. Therefore the effect of ion bombard-
ment is more significant. On the other hand, a low sputtering
pressure leads to a long mean free path of Ar* with high kinetic
energy, and consequently the atoms sputtered from the target
have higher kinetic energies!'2]. It is believed that there is an
increased probability of a sputtered atom being returned to the
target by gas collision at a high pressure, thereby reducing the
deposition rate.

The nitrogen incorporation of the as-deposited films was
controlled by the variation of sputtering pressure. Using the
EDS analysis, x values of as-deposited a-GaAs;_,N, films
were obtained as shown in Table 1. It is found that the films
with high N content were deposited by high sputtering pres-
sures. The fact can be explained in terms of the impurity in-
corporation model!’3! which states that the fraction of a gas
trapped during film deposition is inversely proportional to the
deposition rate. It has been experimentally and theoretically
verified that the deposition rate decreases with increased sput-
tering pressure. So the N content increases as the sputtering
pressures increase in the present cases.

The n-type-carrier concentrations determined by the Hall
measurement, for each sputtering pressure of a-GaAs;_,Ny
thin films were summarized in Table 1. The free carrier concen-
tration is increased as the sputtering pressure increases. Some
of the incorporated N atoms are inserted in the a-GaAs matrix
at the expense of As produced a-GaAs;_,Ny. Other N atoms
generate point defects as vacancies and interstitials which lead
to N-related doping levels?:14]. Consequently, we now suggest
that the high concentrations of N in a-GaAs;_,N, thin films
under a high sputtering pressure are responsible for the high
carrier concentrations.

The absorption spectrum is a simple method for analyz-
ing the band structure of semiconductors. Figure 1 shows the
transmittance of as-deposited a-GaAs;_, N thin films at dif-
ferent sputtering pressures. Interference maxima and minima
due to multiple reflections on the film surface can be observed.
The well oscillating spectra indicate that the as-deposited films
have a high uniformity in thickness and composition and have
little scattering loss on the surface of films. Furthermore, it is
found that the absorption edge has a blue shift (towards the
energy band with a shorter wavelength) and the transmittance
increases with increasing sputtering pressure. This agrees with
the theory that the change of carrier concentration is induced

100

2 Pa

60F 3Pa

40

Transmitance (%)

1
1000 1500
Wavclength (nm)

0 500 2000 2500

Fig. 1. Transmittance spectra of the as-deposited a-GaAs;—xNyx thin
films.

by the N content.

In order to determine the optical band gap, the absorption
coefficient « was estimated as a function of transmittance using
the well-known relation:

! 1 ! 1

o=~ (1)
where d and T are the film thickness and transmittance, respec-
tively. The obtained value of « for an a-GaAs;_, N thin film
in the region of strong absorption is in the order of 10* cm™1.
This strong absorption is attributed to the interband transitions.
The optical absorption edge is analyzed by the following equa-
tion according to Tauc!!'?]

ahv = A(hv — E,)?, (2

where A is a constant, which is almost independent of the
chemical composition of investigated materials. E, is the op-
tical band gap and p is a number related to transition process.
In amorphous semiconductors, the exponent p takes values of
1/2 and 2 for the direct and indirect transitions respectively.
The curves of In(ahv) versus In(hv — E,) were plotted using
the E, value to determine the value of p, and it was found about
1/2 from the slope of these curves. Therefore, the as-deposited
films appear to have a direct band gap. Plots of (ahv)? as func-
tions of v yield good linear relations over a wide range of pho-
ton energy (Fig. 2), indicating the presence of direct transitions.
The extrapolations of these lines on the energy axis can give the
optical band gaps of the prepared films as shown in Table 2.
Similar results have also been obtained by Zanttal®l. The ex-
perimental results of E, are inconsistent with the values of the
optical band gaps of GaAs;_xNy alloys following the dielec-
tric theory of Van Vechen['®). Tt can be seen from Table 2 that
the optical band gap widens (blueshift) with increasing sputter-
ing pressures. The noticeable blueshift can be explained on the
basis of the Burstein effect!!”), which attributed the blueshift
of E, to the increase of carrier concentration as shown in Ta-
ble 1. This result is very important because it reveals that the
optical band gap of a-GaAs;_, N, can be controlled by varying
the sputtering pressure.

The refractive index n of as-deposited a-GaAsj;_,Ny
thin films at different sputtering pressures are obtained using
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Table 2. Optical band-gap (E), Cauchy dispersion constant (@), Wemple-DiDomenico parameters (Eq, E,) and refractive index (no0) for the

as-deposited a-GaAs;—x Ny thin films.

Sputtering pressure (Pa)  Eg (eV) a b (10%) Eq4 (eV) E, (eV) Noo E; = Ey/1.77 (eV)

0.5 1.95 2.59 16.68 20.03 3.49 2.60 1.97

1 2.25 2.15 9.29 14.63 4.02 2.15 2.27

2 2.47 2.08 7.84 14.18 4.26 2.08 2.40

3 2.83 1.88 6.81 11.83 4.6 1.89 2.59
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Fig. 2. Plots of (whv) as a function of hv for the as-deposited a-
GaAs1—xNy films.
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Fig. 3. Spectral distributions of refractive index for the as-deposited
a-GaAs—xNy films.

the well-known envelope technique!'®: %! with transmittance
spectra measurements as shown in Fig. 3. The value of n can
be fitted to a reasonable function such as the two-term Cauchy
dispersion relation!2%l:

b

n(A) =a+ 2 3)
where a and b are Cauchy parameters and A is the wavelength
of incident light. For A — o0, the significance of the parameter
a appears immediately as 7,. Equation (3) can be used for ex-
trapolating the refractive index at a short wavelength!?!l. The
obtained values of @ and b from Eq. (3) are also given in Ta-
ble 2. It is observed from Fig. 3 that the refractive index tends
to decrease with increasing wavelength exhibiting normal dis-

Fig. 4. Plots of (n? — 1)1 for the as-deposited a-GaAs]_ Ny films
versus (hv)2.

persion. Additionally, the change in the n value is strongly re-
lated to the change in N content induced by different sputtering
pressures, i.e. the refractive index decreases with increasing N
concentration. This result can be explained on the basis of the
Kramers-Kronig relation which states that the change of the
refractive index is the inverse of the variation of carrier con-
centration?2,

The refractive index dispersion is extremely relevant to
communication and spectral analysis device design. Wemple
and DiDomenico??! have developed a refractive index disper-
sion model below the optical band gap (in the optical trans-
parent region) using the single oscillator approximation. The
model plays an important role in analyzing the behavior of the
film refractive index. Defining two parameters, the oscillator
energy E, denoting the average excitation energy for electronic
transitions and the dispersion energy E4 which represents the
strength of interband optical transitions, this model concludes
that:

Eo Ed
EZ— ()

A plot (n? — 1)~! versus (hv)? is shown in Fig. 4. Both
Wemple parameters of E, and E4 can be obtained from the
slope (EoEq)~! and intercept (E,/Eq) respectively. The val-
ues of E,, E4 and the refractive index (1) at long wavelengths
are summarized in Table 2. Comparison of ny, between the
third and seventh column in the table shows a good agreement
of the two optical models. As can be seen, E4 decreases with
increasing sputtering pressure which corresponds to the optical
band gap widening in the deposited samples. Moreover, it has
been verified that E, was an average energy gap which was
related to the value of the optical band gap by an empirical for-
mula: E, = 1.77E,?*25]. The values of E, derived from E,

n? =1+ 4)
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are reasonably consistent with those obtained from the Tauc
relation as tabulated in Table 2.

4. Conclusion

The optical constants and optical band gaps of the amor-
phous GaAs;_,N, films prepared by a reactive sputtering
method on glass substrates at different sputtering pressures
have been investigated by the optical characterization method.
It has been found that as the film deposition rate decreases, N
and carrier concentrations in the deposited films increase as the
sputtering pressure increases. The blueshift of E,, dependent
on the sputtering pressure, can be interpreted as the Burstein
effect. The refractive index n of as-deposited a-GaAs;_xNy
thin films can be fitted well to the two-term Cauchy disper-
sion relation; the refractive index decreases monotonously with
increasing wavelength and increases with decreasing sputter-
ing pressure. The refractive index dispersion curves of the pre-
pared films fit well to a single-oscillator model. The experi-
mental data of the optical constants and optical band gaps of
a-GaAsj—_x Ny thin films can provide a reference for the appli-
cation of a-GaAs;_, N, materials in the future.

References

[1T YuK M, Novikov SV, Broesler R, et al. Highly mismatched crys-
talline and amorphous GaNj_x Asy alloys in the whole compo-
sition range. J Appl Phys, 2009, 106(10): 103709

[2] Bandet J, Aguir K, Lollman D, et al. Raman and electrical char-
acterizations of a-GaAs—x Ny thin films grown on c-Si(p) sub-
strates by Ny reactive sputtering. Jpn J Appl Phys, 1997, 36(1):
11

[3] Kondow M, Uomi K, Kitatani T, et al. Extremely large N con-
tent (up to 10%) in GaNAs grown by gas-source molecular beam
epitaxy. J Cryst Growth, 1996, 164(1-4): 175

[4] Canales-Pozos S A, Rios-Jara D, Alvarez-Fregoso O, et al.
Morphological, optical, and photoluminescent characteristics of
GaAsj)—x Ny nanowhiskered thin films. Appl Phys Lett, 2001,
79(16): 2555

[5] Cardona-Bedoya J A, Gordillo-Delgado F, Zelaya-Angel O,
et al. Growth and characterization of GalInNyAs|— thin films
with band-gap energies in the red-blue portion of the visible spec-
trum. Appl Phys Lett, 2002, 80(11): 1900

[6] Lollman D, Aguir K, Bander J, et al. III-V nitride materials: an
approach through amorphous GaAs;—x Ny thin films. Mater Sci
Eng B, 1997, 43(1-3): 283

[7] Aguir K, Lollman D B B, Carchano H. The evolution of a-

GaAs1—xNx/c-GaAs interface states as a function of Ar—-NH3
plasma. Mater Sci Eng B, 1997, 50(1-3): 157
[8] Zanatta A R, Ribeiro C T M, Freire F L. Optoelectronic
and structural properties of Er-doped sputter-deposited gal-
lium—arsenic—nitrogen films. J Appl Phys, 2001, 90(5): 2321
[9] Rodriguez J, Gomez M, Ederth J. Thickness dependence of the

optical properties of sputter deposited Ti oxide films. Thin Solid
Films, 2000, 265(1/2): 119

[10] Li Ting, Yan Jinliang, Ding Xingwei, et al. Effect of substrate
temperature on the properties of deep ultraviolet transparent con-
ductive ITO/GapO3 films. Journal of Semiconductors, 2012,
33(1): 013002

[11] Liu Wei, Cheng Shuying. Photoelectric properties of ITO thin
films deposited by DC magnetron sputtering. Journal of Semi-
conductors, 2011, 32(1): 013002

[12] Chawla V, Jayaganthan R, Chandra R. Influence of sputtering
pressure on the structure and mechanical properties of nanocom-
posite Ti—Si—N thin films. J Mater Sci Technol, 2010, 26(8): 673

[13] Maissel L I. Handbook of thin films technology. New York:
McGraw-Hill, 1970

[14] Zanatta A R, Hammer P, Alvarez F. Photoelectron spectroscopoc
study of amorphous GaAsN films. Appl Phys Lett, 2000, 7(16):
2211

[15] Tauc J. Amorphous and liquid semiconductors. New York:
Plenum, 1974

[16] Sakai S, Ueta Y, Teraughi Y. Band gap energy and band lineup
of I[II-V alloy semiconductors incorporating nitrogen and boron.
Jpn J Appl Phys, 1993, 32(10): 4413

[17] Burstein E. Anomalous optical absorptionlimit in InSb. Phys
Rev, 1954, 93(3): 632

[18] Manifacier J C, Gasiot J, Fillard J P. A simple method for the
determination of the optical constants n, k and the thickness of a
weakly absorbing thin film. J Phys E, 1976, 9(11): 1002

[19] Swanepoel R. Determination of the thickness and optical con-
stants of amorphous silicon. J Phys E, 1983, 16(12): 1214

[20] Tompkins H G, McGahan W A. Spectroscopic ellipsometry and
reflectometry. New York: John Wiley & Sons, 1999

[21] Mott T S. Optical properties of semiconductors. London: Butter-
worths, 1959

[22] Mergel D, Qiao Z. Correlation of lattice distortion with optical
and electrical properties of In;O3:Sn films. J Appl Phys, 2004,
95(10): 5608

[23] Wemple S H, DiDomenico M. Optical dispersion and the struc-
ture of solids. Phys Rev Lett, 1969, 23(20): 1156

[24] Cody G D. Semiconductors and semimetals, part B: optical prop-
erties. New York: Academic, 1984

[25] Solomon I, Schmidt M P, Senemaud C, et al. Behavior of the elec-
tronic dielectric constant in covalent and ionic materials. Phys
Rev B, 1988, 38(18): 13263

083002-4



