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Refractive index reconstruction of a zinc oxide thin film electrodeposited on glass
substrates applied in a GaAs PIN photodiode
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In this work, we reconstructed the refractive index from transmission spectra obtained by
the ultraviolet-visible characterization technique of Zinc Oxide thin films deposited by
electrodeposition technique at an electric current density of 28.86 mA/cm? and then a high
temperature treated at 450°C for 1.5 h in air. After, the results obtained are applied in
GaAs PIN Photodiode to improve the spectral response of this device. The ZnO thin films
with reconstructed optical properties increase and decrease respectively the transmission
and reflection coefficients of GaAs PIN Photodiode; this produced an enhancement of
device the spectral response.
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1. Introduction

In recent years, Zinc Oxide thin films have drawn notice because of their superior optical
and electrical capabilities. ZnO is an II-VI semiconducting material belonging to the family of
transparent metal oxides. ZnO exhibits unique optical properties in the optoelectronic field,
allowing it to function in photovoltaic applications [1]. Although ZnO thin films have several uses
in a variety of fields including thin film gas sensors [2,3], photodiode devices [4], piezoelectric
devices [5], solar cells [6-12], biomedicine [13], etc. The optoelectronics device based on thin
solid film structure with different complex refractive index n"=n-ik (where k is the extinction
index and n refractive index) are interesting, this can be produced on a substrate of definite
thickness d [14], by variously methods including sol-gel method [15], pulsed laser method [16],
chemical vapor deposition [17], magnetron sputtering [18] and electrodeposition method [19-26].
The elaborated thin ZnO on glass by the electrodeposition technique is based on the preparation of
a solution of ZnSOy in distilled water to have a concentration of 0.02M with pH = 5.0 used in an
electrolysis cell, powered by a current source in order to produce a metallic layer of Zinc then
anneal it at high temperature [19]. Following the deposition procedure, a nanometric Zinc film
covering the slides of glass substrates, a thermal annealing at 450 °C for 90 min in air was applied
to ensure complete oxidation of this layer [19]. In this paper an algorithm is proposed to allow the
reconstruction of the deposited thin ZnO refractive index as a function of the wavelength A from
experimental transmission. After, the results of this algorithm’s programming by means of Matlab
software validated using COMSOL-Multiphysics software based on FEM (finite element method)
numerical method. Finally, and for studies the effect of this thin ZnO on the opto-electrical
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response of an GaAs PIN Photodiode, the reconstructed thin ZnO refractive index is used in this
device model designed in COMSOL-Multiphysics software.

2. Physico-mathematical and technical approach

As shown in Fig. 1, which presented the studied structure with ZnO thin film, where the
structure is composed of three layers visible composed of three layers: Air, ZnO and Glass, where
nl, n2 and n3 are the refractive index of Air, ZnO and Glass respectively, and the thickness of
ZnO is d=85 (nm) [19].
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Fig. 1. Structure studied.

The transmission of the stack is then given by [27]:

2

_ kz3 1
T= (k nicos(el)) S22 (1)
where,
01: is the incidence angle,
k: the vacuum propagation vector (k=2m/A),
A: the wave length,
k.3 : The composite of propagation vector in z direction (Midium3) given by [28,29]:
kzs =y (k X 13)? = (key)? 2)
k, . The composite of propagation vector in x direction given by:
kx = kxl = kxz = kx3 = k Tllsl'n(gl) (3)
S5 The one component of total matrix transfer field in the structure given by [27,30]:
_ Sll 512 _
S=(t §2) = Hialotas @)

where L, is the transaction matrix through the medium 2 using a phase factor ef2 and H; j is the
field’s matrix the transition on the interface between the medium i and j, this matrix are given by
equation (5) and (6) respectively [27]:
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T;; and pj; are given by [27]:

2(iy/1i)
T = (7)
and:
1-b
Pji =1 (®)
where:

_ (T s,
b=(5) () ®
where, k, ; is the reciprocal wave number of the Electrical field in the medium j, and 7i; and #; are

the medium complex refractive index.
The S, coefficient is given by [27]:

Bz = kzpd (10)

k,, : The composite of propagation vector in z direction (Midium?2) given by:

kza =y (k X 12)? = (key)? (11

The reconstruction of the refractive index nz.o based on Matlab software and flowchart
presented in fig.2, where the nzyo initialized by the first value one (nzno=1) and the simulated
transmission calculated from theatrical model clarified in precedent, after the error between
simulated and experimental transmission is calculated and if this error greater than or equal the
tolerance EPS (EPS=10"), the nzo adjusted by dn (dn=10") and the simulated transmission
recalculated. This steps is repeated until the error between simulated and experimental
transmission less than the tolerance EPS (EPS=10"). In second step and for validate the result of
nzno reconstructed, the simulation of transmission based on nz,o reconstructed in the structure
studied is realized in COMSOL software.

Simulated Transmission: Tsim(Lambda) ‘ j r ‘ Experimental transmission: Texp(Lambda)

Error=Abs(Tsim-Texp)

n=n+dn (n° refractive index) | -ﬁ

| n: Reconstructed ZnO refractive index |

Fig. 2. Flowchart of the refractive index reconstruction technique.

Finally, the thin ZnO with the optical proprieties reconstructed is integrated in above of
GaAs PIN Photodiode to ameliorate the opto-electrical response of this device.
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3. Results and discussion

The reconstruction of refractive index nz,o of thin ZnO presented in fig.1 based on
experimental transmission [19] is shown in Fig. 3.a. The obtained refractive index profile of thin
ZnO is represented in Fig. 4. We notice that nz,o confined between 2.89 and 1.51 in visible
wavelength. We notice also that reconstructed transmission profile based on nzno is superposed to
experimental transmission (Fig. 3.b)

100 o
100

e
%0 WH"W

\ S~ LT

e

(%]

Experimental

70 E 70

E *f * Rconstructed
60
50 /
40

30

Experimental Transmission [%]

30

and i
>
*—»—%*H—*-M_ﬁw

20

20

3 4 5 6 7 8 9 3 4 s 6 ’ 8 9

Wavelength [m] 107 Waelength [m] x 107

Fig. 3. a) Transmission spectra obtained by the ultraviolet-visible characterization technique of ZnO thin
films deposited by electrodeposition at a current density of 28.86 mA/cm? and a thermal annealing at 450°C
applied for 1.5 h in air [19]. b) Reconstructed transmission.
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Fig. 4. Reconstructed ZnO refractive index.

In the goal to validate the results of nz,o reconstructed, we realized the simulation of
transmission coefficient based on same structure studied (Fig. 1) by COMSOL-Multiphysics
software, the structure dimension and mesh profile is presented in fig. 5, we notice that ZnO
thickness and Glass refractive index equal to 85 (nm) and 1.51 respectively. The problem is
resolved by finite element method (FEM) integrated in software, the transmission coefficient result
is presented in fig.6. The fig.7 present comparison between experimental transmission coefficient
(Fig. 3a) and software simulation profile (Fig. 6), we notice that two profiles are superposed which
entails credibility of nza,o reconstruction results.
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Fig. 6. Comsol simulation of transmission coefficients of structure studied as a function of the incident
wavelength.
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Fig. 7. Convergence between the experimental transmittance spectra and that of the Comsol simulation of
the structure studied.
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The model of GaAs PIN structure with layer of ZnO is studied by COMSOL-Multiphysics
software. The geometry and mesh profile are shown in Fig .8. The dopant profile in the PIN
structure is shown in (Fig. 9), where thin heavily doped n and p type layers adjacent to the bottom
and top surfaces, respectively, are clearly visible. A large intrinsic (undoped) region of about 0.6
um appears between the thin heavily doped layers of the surfaces. The p-type doping shows
negative values while the n-type doping shows positive values. The choice of this device with the
geometric and physical parameters is for the purpose of studying the effect of thin ZnO on the
optoelectric response.
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PIN photodiode

(@) W

Fig. 8.a) GaAs PIN Photodiode with ZnO thin film (dimension in um), b) Mesh.
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Fig. 9. Doping profile of GaAs PIN photodiode.

In the following results, the PIN device is conditioned by: reverse polarization with Vpn=2
(V), Pin= 10 (w) incident power of wave plane in TE mode with ¢=0 (rad) angle of incident.

The transmission coefficient of GaAs PIN Photodiode versus of the incident wavelength
curve is presented in fig.10. The fig.11 showing a comparison between transmission coefficient
without thin ZnO (Air) (Fig. 10.a) and second with thin ZnO (Fig. 10.b), we notice that thin ZnO
increase the transmission by 15 (%) to 20 (%).

The reflection spectra of GaAs PIN Photodiode are presented in fig.12. In fig.13 shown
the comparison between reflection coefficient without thin ZnO (Air) (Fig. 12.a) and second with
thin ZnO (Fig. 12.b), we notice that thin ZnO decrease the reflection by 15 (%) to 20 (%).
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Fig. 10. Calculated Transmission spectra of Gallium Arsenide (GaAs) PIN Photodiode: a) Air, b) ZnO.
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Fig. 11. Transmission coefficients of GaAs PIN Photodiode (Air and ZnO) as a function of the incident
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Fig. 13. Reflection coefficients of GaAs PIN Photodiode (Air and ZnO) as a function of the incident
wavelength.

Figure 14 shown the electrical current generated in the studied device versus of the
wavelength of the incident photon. The GaAs material having a bandgap of 1.424 (eV), where
relates to a wavelength of about 872 (nm). However, the energy of the incident photon extends
from below the band gap to the middle of the visible spectrum in blue region. At the long-wave
end of the scale, the current flux drops to zero ; this is consisted because the energy of the longest
wavelengths should not be absorbed since it is below the bandgap. In Figure 14.a showed the
device without ZnO layer (air), where the current surprisingly rises to a peak rate of ~0.52 (nA) at
720 nm as the wavelength drops and the photon energy increases, on the other hand in figure 14.b
with the ZnO layer the peak rate becomes to ~0.67 pA, and then gradually decreases again as the
photon energy increases.

The fig.15 present comparison between current without thin ZnO (Air) (Fig. 14.a) and
second with thin ZnO (Fig. 14.b), we notice that thin ZnO increase the current by 0.05 (1HA) to
0.15 (nA).

Current (uA)

500 550 600 650 700 750 800 850 500 550 600 650 700 750 800 8S0
Incident wavelength (nm) ncident wavelength (nm

(@ ()

Fig. 14. Calculated the Current output of the Photodiode component versus of the incident wavelength:
a) Air, b) ZnO.
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Fig. 15. Numerical simulation of Current output of GaAs PIN Photodiode with (Air and ZnO) versus of the
incident wavelength.

4. Conclusion

In this work, we have carried out the reconstruction of the refracted index from the
transmission spectra attained by the UV-visible technique of ZnO thin films formed by
electrodeposition at an electric current density of 28.86 mA/cm? and then annealed at 450°C for
1.5 h in air. The obtained refracted index profile is used in simulation of transmission spectra of
the same structure by finite element method integrated in COMSOL-Multiphysics software; the
transmission coefficient result is superposed to the experimental transmission coefficient, what
validates the reconstruction results. After, to prove the amelioration of the ZnO thin films on GaAs
PIN Photodiode performance, a simulation of the response of this device with and without thin
ZnO layer was performed by COMSOL-Multiphysics software; the obtained results show that this
layer increase and decrease the transmission and reflection coefficient respectively by 15 (%) to 20

(%) of the studied device, what results an augmentation in current device response by 0.05 (LA) to
0.15 (pnA).
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