Optica Applicata, Vol. XLI, No. 1, 2011

Determination of optical constants and thickness
of amorphous GaP thin film
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Gallium phosphide (GaP) thin film was prepared by an asymmetric bipolar pulsed-dc magnetron
sputtering technique onto glass substrate at room temperature in an Ar atmosphere. A compacted
GaP powder was used as a target. The X-ray diffraction patterns show that the film is amor-
phous. The transmittance of the film was measured in the incident photon wavelength range of
300—-2000 nm. The film’s refractive index, thickness and absorption coefficient as a function
of wavelength were determined by using Swanepoel’s method. The deduced absorption data
indicate that the optical transition in the film is dominated by the indirect type. The corresponding
energy of 1.51 eV was obtained for the 563+16 nm thin film.
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1. Introduction

Gallium phosphide is one of the most important group III-V compounds which has
been extensively developed for applications to optical devices, LEDs, photo cells, etc.
It has been found to be important for light emission devices in visible range [1] and it
is one of the most promising materials for development of solar cells [2]. Amorphous
gallium phosphide (a-GaP) has also been developed for wide-area and low cost
devices in the same manner as amorphous silicon [3, 4]. In the form of a thin film,
a-GaP has been prepared using a variety of methods, such as plasma metallic organized
chemical vapor deposition [5], ion beam assistant deposition [6] and reactive rf
sputtering [7], efc. The optical properties of the film depend strongly on preparation
methods and conditions.

Among these preparation methods, sputtering is the most common method used
for preparing optical thin films because it enables variation of the deposition parameters
so that films with required physical and optical properties can be obtained [8]. Pulsed
dc magnetron sputtering is a relatively new sputtering method that has been used
for thin film preparation. Pulsing the magnetron discharge in the mid frequency range
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(10-200 kHz) stabilizes plasma, prevents arcing and yields high deposition rates [9].
It is thus very interesting to investigate optical properties of a-GaP thin films obtained
from pulsed dc magnetron sputtering and compare them to other methods.

For the optical property assessment of thin films, there have been various methods
for determining the optical constants and thickness of the films, such as the classical
oscillator fit procedure, the Kramers—Kronig analysis and the Swanepoel method
[10, 11]. The last is widely used because it enables the determination of the refractive
index and other optical constants of thin films from only the normal incident optical
transmission spectrum [12].

In this article, we report the application of the Swanepoel method to determine
the refractive index, thickness, absorption coefficient and energy gap of a-GaP thin
film deposited by asymmetric pulsed-dc magnetron sputtering onto a glass substrate.
Results compared to those of a-GaP obtained by other deposition techniques are
presented.

2. Swanepoel’s method

2.1. Optical transmission spectrum of film/transparent substrate system

Figure 1 shows schematically the optical transmission measurement on a film/substrate
system, in which the substrate is transparent and the film is semitransparent or
transparent, and the finite thickness of the substrate d; is several orders of magnitude
larger than the film thickness d. Assuming normal incident and taking into account
interference due to multiple refractions at film/substrate and air/film interfaces,
SwANEPOEL [11] has shown that the total transmission 7'(4) is given by,

1() = e (M
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Fig. 1. Schematic diagram of light transmission through a film/substrate system. /, is the intensity of
the normal incident beam. /; is the total intensity of transmitted beams, which is the superposition
of the directly transmitted beams (solid line) and the beams transmitted after undergoing multiple
reflections at the air/film and film/substrate interfaces (dashed line). In this model, transmittance is defined
as T'=1I/1,.
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where
A = 16n"n,
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where 7 is the refractive index of the film, n, is the refractive index of the substrate,
dis the thickness, ¢ is the phase difference between the direct and the multiple reflected

transmitted beams, x is the absorbance and « is the absorption coefficient.

The transmission spectrum according to the above expression for a-Si:H is shown

in Fig.

The extremes of T(4) in Eq. (1) occur for ¢=2mm or

2.

2nd =mA

)

where m is an integer for maxima and a half integer for minima. The transmittance for

maxima and minima are therefore given by:
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Fig. 2. Simulated transmission spectra (solid line) of a-Si:H and a clean substrate T;. The film thickness
of 600 nm, n, of 1.6, and the same n(A) and &(4) as in Ref. [10] are assumed. The envelopes Ty, T, and

the smooth curve T are constructed from polynomial equations, respectively.
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T),and T,,, when considered as smooth functions of 4, define the envelopes passing
tangentially through the maxima and minima, as shown in Fig. 2. Constructing the two
envelopes for the experimental transmission spectrum of a film/substrate sample and
knowing transmission of the clean substrate alone make possible the determination of
the refractive index and absorption coefficient of the film. This will be briefly detailed
in Sections 2.2 and 2.3.

2.2. Determination of refractive index and thickness

Assuming the two envelopes are known, subtracting the reciprocal of Eq. (5) from that
of Eq. (4) at any A above the strong absorption region (see Fig. 2) yields the equation
that is independent of the absorbance x [11]:

2C

T, T, A ©)

—
—

Substituting the expression of 4 and C from Eq. (2) and solving for » yields,

n = N+ ,N° —n (7)

where

Ty-T, n+1
+
Ty T, 2

N = 2n, (8)
and n; is the refractive index of the substrate and can be calculated from
the transmission spectrum of a clean substrate (7) via the relation [13]

1
ng=—+ [— -1 )

T, Ts2

Equation (7) leads to the refractive index of the film at the sampled A. If

the refractive indices are obtained at the maxima or minima of the transmission
spectrum, the thickness of the film can be deduced. Let n; and n, be refractive
indices at two adjacent maxima (or minima) at 4, and A,, 4, > 4,, it follows from
Eq. (3) that:
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2nyd = mA, (10)
2n,d = (m + 1)A, (11)
Solving Egs. (10) and (11) for d yields the film thickness as [14]:

Aidy

d = 12
2(Any— Ayny) (12)

Practically, there will be errors in the determination of extreme positions and
the corresponding values of the smooth envelopes 7, and 7,,. Therefore, the prelim-
inary values of the refractive index calculated from Eq. (7) and the film thickness
obtained from Eq. (12), to be denoted respectively by n,,. and d., are inaccurate.
The more accurate thickness and refractive index can be obtained by further performing
the following steps. Firstly, take the average value of d,,. obtained from each two
adjacent maxima (or minima). Secondly, use Eq. (3) to determine the estimated order
number (m) for each extreme from the average value of d,. and n,,, and round off
each resulting m, to the closest integer for maxima or half integer for minima. These
round values will be considered as the exact order number m,, ., corresponding to each
maxima or minima. Thirdly, use mg,. and n,. again to calculate the accurate
thickness d. i fOr each maxima and minima. The average value of d . Will be
taken as the final thickness of the film. Finally, from the exact value of m and the final
thickness of the film, the accurate refractive index 7, can again be calculated
for each maximum and minimum using Eq. (3). The refractive index as a function of
wavelength n(A) can be then obtained by fitting the experimentally evaluated
values to an appropriate model. In this work, the Sellmeier equation used by POELMAN

and SMET [15] is employed.

2
n = a+L (13)

e
where a, b, c are fitting parameters of the Sellmeier equation.

2.3. Absorption coefficient determination

Once n(A) and accurate thickness are obtained and the refractive index of the substrate
is known, the constants 4, B, C and D in Eq. (1) can be calculated according to
Egs. (2a)—(2d). Then, the absorbance x as a function of wavelength x(A4) can be
calculated as follows. The addition of the reciprocal of Egs. (4) and (5) at defined
above gives [16]:

1 1 _ 2(B+Dx)
T, T Ax

m

(14)
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or
(T,D)x" —Ax+T,B = 0 (15)
Solving the above quadratic Eq. (14) for x, we will have,
A— A4 —4T’BD y
T 27D (16)
where
2T, T
T, = M m (17)
Iy+T,

The term T represents the curve which is a close approximation to the interference-
-free transmission of the film. In the strong absorption region, the value of 7;(4) can
be estimated to be T(4). Above the strong absorption region, the values of 7, at
the maxima and minima can be calculated from the corresponding 7), and T,
using Eq. (17). Fitting these experimental data of T7;(A) using a polynomial
interpolation yields the continuous 7;(4). Once the smooth function T;(A) is obtained,
the wavelength dependent absorbance x(A) can be calculate from Eq. (16) and
the absorption coefficient as a function of wavelength &(A1) can be calculated using
Eq. (2f) rewritten in the form of:

o] "

accurate

where d jeeurate 1S the average value of the accurate thickness described above.

3. Experimental details

The deposition of GaP thin films was carried out using an in-house-built asymmetric
pulsed-dc magnetron sputtering system [17]. The sputtering target was made of GaP
powder pressed to in a circular copper base. The diameter and the thickness of
the compacted powder were 6.00 cm and 0.25 cm, respectively. The glass slide was
used as a substrate and the deposition area of 1.20x1.20 cm? on the substrate
was obtained by means of an aluminium mask. The substrate was placed at a distance
of 6.00 cm above the target and no additional heating was applied. To generate
the pulsed-dc plasma and initiate the thin film deposition, the vacuum chamber
was pumped down to a base pressure of 15 mT and flushed with high purity argon
(Ar 99.999%) for several cycles to ensure the cleanliness of the chamber.
The pulsed-dc Ar plasma was generated at an argon gas pressure of 70 mTorr and
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a pulse frequency of 17 kHz, a negative sputtering voltage of -850 V, and a positive
reverse voltage of 100 V. The thin film was deposited for 10 minutes.

The crystal structure of the deposited film was investigated by X-ray diffractometer
equipped with CuK , radiation, A= 0.15406 nm. The grazing XRD measurement with
an incident angle of 3° was used to eliminate the contribution of the glass substrate to
the XRD pattern. The thickness of the film was measured using Veeco Dektak 150
surface profiler for comparison of the calculated values of thickness.

The optical transmission spectrum of the film was obtained via UV-VIS—NIR
spectrophotometer (UV-3101 PC, Shimadzu Ltd., Japan) at room temperature in
the range of 300—-2000 nm. The relative uncertainty in the transmittance is 0.3%.
In the measurement, air was used as a reference.

4. Results and discussion

4.1. Structural properties

Figure 3 shows the glazing XRD pattern of the GaP film compared to the XRD of
a glass substrate obtained from a normal 6-26 scan. The XRD pattern of the film
shows two broad peaks centered around at 26 of 28° and 52°, indicating an amorphous
nature or extremely fine crystalline size of the film.

4.2. Transmission spectra

Figure 4 shows the optical transmission spectra of the clean glass substrate and
the pulsed-dc sputtering a-GaP thin film deposited on the substrate. The transmittance
of the substrate, 7\, is around 90% in the range of 350—2000 nm, indicating a highly
transparent material. The optical transmission spectrum of the a-GaP film/substrate,
T(A), shows an absorption edge around 600 nm and exhibits appreciable interference
fringes in the region of 700—2000 nm. The spectrum structure is similar to the medium
and strong absorption regions of the simulated spectrum in Fig. 2. Therefore, it is

Intensity [arb. u.]

“ ( Glass substrate
1l il
i |
il

10 20 30 40 50 60 70 80 Fig. 3. XRD patterns of pulsed-dc sputtering
20 [deg] deposited a-GaP film and the glass substrate.
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Fig. 4. Optical transmission spectra of a clean glass substrate, 7, and that of the pulsed-dc sputtering
a-GaP thin film on the substrate, 7(4). Ty, T, are constructed envelopes for maxima and minima and
T;(A) is a smooth curve evaluated from Ty, 7,

justified that the transmission spectrum of the film/substrate system under investiga-
tion can be analyzed using the Swanepoel method described in Section 2.

4.3. Determination of refractive index and thickness

To determine the refractive index and the film thickness, the procedure described in
Sections 2.1 and 2.2 are followed. The two envelopes are constructed, as shown in
Fig. 4, using smoothing average method. The wavelengths at the maxima and minima
and the corresponding T, and 7, are read out and listed in column 1, 2, and 3 of
the Table, respectively. In the 4-th column of the Table, the refractive indices of
the substrate at A for the extremes determined using Eq. (13) are given. From these

data, the corresponding values of n, ., d ., Mg, Meyae and d, at each maxima and

pre> “pre> Mest> ccurate

Table. Values of various parameters obtained in the process of the determination of refractive index
and thickness of a-GaP thin film. The bold-face values in 7, and T,, are values at maxima and minima,
respectively. (To be continued on next page.)

- Tu T "s e i
1 2 3 4 5 6
1842.4 0.882+0.003 0.594+0.002 1.55+0.01 2.54+0.01 567
1407.2 0.861+0.003 0.590+0.002 1.60+0.01 2.56+0.01 607
1143.2 0.829+0.002 0.580+0.002 1.64+0.01 2.58+0.01 643
975.6 0.781+0.002 0.557+0.002 1.64+0.01 2.58+0.01 650
852.4 0.673+0.002 0.496+0.001 1.63+0.01 2.59+0.01 -
772.0 0.546+0.002 0.413+0.001 1.60+0.01 2.64+0.01 -

d e 617

o £38
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Fig. 5. The refractive index of the pulsed-dc sputtering deposited a-GaP film compared to those of
a-GaP film deposited by rf-sputtering and crystalline GaP [7]. The dots are the values calculated from
the transmission spectrum. The solid line is the fitted curve using Sellmeier equation expressed by: n(1) =

= 2102 + 3.689 2 /(A% — 432 .

minima were obtained as given in columns 5 to 9 of the Table, respectively. The error
of the average thickness significantly improved from +38 for d,;, to £16 for d, . yrate-
The final thickness of 563+16 nm is obtained, which is comparable to the value of
488+29 nm measured by a surface step profiler. The accurate refractive index n, ., atc
at the A for each maxima and minima was obtained from m,,, and the final
thickness using Eq. (3) again, see column 10 of the Table. Finally, the refractive index
as a function of wavelength, n(4), was obtained by fitting the values for the maxima
and minima to the Sellmeier model given in Eq. (13). The result is shown in Fig. 5,
indicating a good fit. In the wavelength range above 700 nm, it is clearly seen from
the figure that the refractive index of the present a-GaP film is lower than that of
crystalline GaP and rf-sputtered a-GaP films. This could be due to the different
physical environment in the pulsed-dc and the rf-sputtering.

Table. Continued.

mest mexact [d;(r:;lirate naccurate

7 8 9 10

1.70 1.5 586 2.45+0.07
2.24 2.0 576 2.50+0.07
2.78 2.5 567 2.54+0.07
3.26 3.0 553 2.60+0.08
3.74 3.5 549 2.65+0.08
4.21 4.0 545 2.74+0.08

d 563

accurate
o +16
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4.4. Determination of optical absorption coefficient

From the n(A) obtained in the previous section and the smooth function 7;(A)
constructed as shown in Fig. 4, the optical absorption coefficient as a function of
wavelength of the pulsed-dc sputtering deposited film was obtained using the pro-
cedure described in Section 2.3. The result is given in Fig. 6. It can be seen that
the absorption coefficient of the a-GaP film under this investigation exhibits a close
trend and magnitude to that of the plasma metallic organized chemical vapor deposited
(MOCVD) a-GaP film, reported by KNiGHTS and LuJaN [5]. However, the values in

100000 ] — Pulsed -dc sputtering
1 - PMOCVD [3]

] --—--PECDTI6] e

10000

Absorption coefficient [cm™]

1000 4—————————F——F———— Fig. 6. Absorption coefficient of sputtered
12 14 16 18 20 22 24 26 a-GaP film compared to that of a-GaP films
Photon energy [eV] from MOCVD and PECTD methods.

the visible region are about 2—3 times as high as those of plasma enhanced chemical
transport deposited (PECTD) a-GaP film of Xu JIANHONG et al. [6]. This indicates
the different internal structure of a-GaP films obtained from different deposition
techniques.

4.5. Optical energy gap determination

The type of allowed optical transitions in a semiconductor and the optical band gap
can be evaluated by observing the absorption coefficient as a function of the photon
energy using Tauc’s law [18]:

(ahv)" = B(hv—Eg) (19)

where B is a constant, £, is the optical energy gap and m is a constant which determines
the type of the optical transition (m = 2 and 1/2 for direct allowed transition and indirect
allowed transition, respectively).

The plots of (whv)'2 and (awhv)? versus hv in the strong and medium absorption
regions are shown in Fig. 7. A linear region over a wide range of photon energy was
found in a plot of (ah V)2 vs. hv, indicating that the dominant transition type is indi-
rect [19]. Therefore, the optical energy gap of the film was determined by assuming
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I 1.|0 ' 1!5 ' 2'_0 ' 2!5 Fig. 8. A plot of (ahV)l/z versus the incident
Photon energy [eV] photon energy i v of a-GaP film.
indirect transition and interpolating the linear portion of the plot of (ahv)'? vs. hv

(see Fig. 8). The value of optical energy gap was about 1.51 eV whichis closeto 1.6 eV
reported by XU JIANHONG et al. [6] for the PECTD a-GaP film.

5. Conclusions

Thin film of a-GaP was deposited onto a glass substrate at room temperature using
a pulsed-dc magnetron sputtering technique. The as-deposited film was amorphous.
The optical constants as a function of wavelength, such as refractive index n,
absorption coefficient ¢ and the thickness of the film were evaluated from the optical
transmission spectrum using Swanepoel’s method. The film thickness obtained
from the model is comparable to that measured directly from the nano-step profiler.
The refractive index of the film can be fitted to the Sellmeier equation. The film
exhibits indirect optical transition with an optical band gap of 1.51 eV.
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