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Abstract: We investigated the effects of post-annealing in vacuum, nitrogen, and hydrogen atmospheres on the structural,

electrical, and optical properties of 600 nm thick Al-doped ZnO (ZnO:Al) thin films deposited by RF magnetron sputtering at

room temperature. Post-annealing in hydrogen atmosphere at 400°C for 1 hour showed the most significant improvement in

electrical properties. Resistivity decreased from 9.11x1072 to 1.4x107° Q-cm, electron mobility increased from 4.11 to 18.23

cm?V-s, and electron carrier concentration increased from 1.63x10% to 4.85x10% cm™. In contrast, post-annealing in vacuum

and nitrogen atmospheres resulted in degraded electrical properties due to oxygen and nitrogen chemisorption at grain boundaries.

The enhancement in hydrogen-annealed films was attributed to the formation of additional oxygen vacancies and desorption of

adsorbed oxygen species from grain boundaries. All films maintained excellent optical transparency of 80-90% in the visible
range. The optical bandgap exhibited a blue-shift from 3.365 eV to 3.624 eV due to the Burstein-Moss effect induced by the
increased electron carrier concentration. These results confirmed that hydrogen atmosphere post-annealing is the most effective

method for enhancing the electrical conductivity of ZnO:Al thin films while maintaining high optical transparency.
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71 A

£8 B4 371403 & 901 71 20 ggo2 B
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s} 2ho] Ao st S A olsle ofdls] Mg
0|

=

el 2 AFNE RE Db Eg AsEgoe A
AHgl ZnO:Al uhato] ool K12, A4, 54 5 A2 Cf
BOTIoIAe] 54 wxje] g AATOE EAISS
o} wior S 5|52 25 600 nmE 71% FAE A
SHL, 400°COIA 1417 £0F 7 B9l7 e 34 A2 S
2385t th XA 3]-(X-ray diffraction, XRD), YA}
310] 7 (atomic force microscopy, AFM), hall 574, A}
QM -7FA A B4 (UV-visible spectroscopy), %

—IHP

=
4 B3 (photoluminescence spectroscopy) 52 &
Goto] 54 @A) Bt ool REA, FIIH, 2
& EXof 0]R]= J&FS YR o2 BAsty, 1 22
= uAYE g AYstnnt ot
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lime glass& AM&-sH¥ o™, 5AF A /7] 80N (HE-=, of
ME)2 AAT & Zola2 NASHL “‘ﬂii A=
XNZAch 48 Ay o] £7] ¢ale ~1.0x10” Torr o]a}
2 9xslgon, 1aE o2 71A(99.9999%)2 20
scem (standard cubic centimeter per minute)9] &-F
o2 ARsHA FFste] 1.0x10° Torr Ao A uote
QAT Bt 71 Ato]e] A2)= 5.5 cmE 175}
R, RF mb9)+= 100 W= ARttt o+ dot vrah &7
= H8ll 712 3 rpm o|5t2] &= 2 I|FHAIZT. A=
Al Bfar SAF £ & = oF 0.5 nm/s@ o0, ufat =7 & A
st= ¢J3f 300, 400, 500, 600, 700 nmQ] t}Fst FAH =

—

AAstATt. A 9rare] SAl= FAA £ &7 FA|
(Veeco Dektak 150, USA)et AAALE =APA RSO

7d(field emission cross-sectional scanning electron
microscopy; FE-SEM, JSM6700F, JEOL, Japan)< At
gsto] A5
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Fig. 1. Schematic illustration of the experimental apparatus: (a) RF magnetron sputtering chamber equipped with dual targets (metal target and
AZO target) for ZnO:Al thin film deposition and (b) horizontal quartz tube furnace system with vacuum gauge and input gas lines for post-

annealing treatments under controlled atmospheres.

rfo
=2
>
o}
Nl
2
)
re
b
or i
T
T
O
=)

[> ol
ol o o
FIO >

of,
Iz
)
()
o3
Q
=
<
o]
c
=)
°
1o
i)
e
of,
Iz
-
c
=
o
o

EXN oe _r]ﬁﬁ as-grown
X * Torr), Ax
9999% TE) A710A 22t

(99.9999% &+=), ~4(99.
AR AT. 4 BAY 37
At

400°C, 1AIZF 59 34
© oheut 2ol s

(1) oro] At A e
2 49U FYuo] Y71, (2) A o)) B T Tpaz
‘] st (3) 10°C/min9] £& &% 2 400°C7HA] 42, (4)
400°CoA 1AIF 52§41, (5) At W7 2% Aoj
+2°C olUlo] FEE2 SAISIY of $4 AR L&
+uoto) A% FAS WetE Yot 54 Axe 2
SHEES

3 auks Bal) glo) AeE gt

>~{

2.3

Jm

=k

gfaro] AR xet Higde X-3&  AZA|(X-ray
diffraction, Rigaku RAD-3D, Japan)& Ah-&3sto] ghat
9] IxE H/\i;].oﬂ oD:] HH:PQJ prge| 6:]1\1-1]- 7«]7‘%7]% |

At= o] 7 (atomic force microscopy (AFM, Nano-
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F1} 250 2HE Aol o]Er L AXIY o]Er = U}
Epdict ¥ E1lg-L UV-visible 43¢ A|(HP UV-VIS
8453, USA)S AFE5tod 190-1100 nm T HR oAl &
Mstd o], WaA Bl 782 Tauc plot 8-S A& 5}o]

5ot 3 (photoluminescence, PL) 572 He-
Cd 0] A1(325 nm, Kimmon, Japan)S o7]4Y& AtE
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o, S0]E7 = 600 nm ©]5}te] FAoA+= (004) = 27}
THAFE|R] 9F9Fo o, 600 nm FA0A] (002) I Fo] &
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Fig. 2. X-ray diffraction analysis of ZnO:Al thin films: (a) as-grown films with various thicknesses (300-700 nm), (b) as-grown and post-
annealed films (600 nm) under different atmospheres, and (c) full width at half maximum (FWHM) of the (002) peak and crystallite size
calculated by the Scherrer equation for as-grown and post-annealed films.
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Table 1. Summary of structural parameters and stress analysis for
ZnO:Al thin films: c-axis lattice parameter, XRD peak broadening
(FWHM), calculated biaxial stress, and crystallite size for as-grown
and post-annealed films in different atmospheres.

Substrate ciim  FWHM  Stress  Grain size Roughness
(A) (deg.) (GPa) (nm) (nm)
As-grown c¢=5.242 0.34 -1.611 24.45 7.26
Vacuum ¢=5.227 032 -0940 25.89 7.74
Nitrogen ¢=5.204 0.30 0.090 27.71 8.43
Hydrogen ¢=5.192 0.27 0.627 30.79 9.27
nmo|i A5, Aa, 9 a4 S0 7 ARYYH| 7|7 57t
s} %S UeRL itk 24 Y 27] sk XRD 3]

2737901 71 =9

o
AT iﬂl**(reducmg) %0 7124 AR A SA}
g AAE spHoR 7‘1]742 +

)
ErRF o g 9l5f AAHA|9] potential barrier7} 74 st
ARY Aol SR [24]. B3, $4 YAHE Zn0 A
AP Y FE= ghitsto] AX}F §1AF2](lattice vacancy) E+
4 HIRFe](oxygen vacancy) £¢]0f & (interstitial)
st /b9 Ata A2 AT o)k AR AT
2 AAaAZI AR A S ST [33,34]. K&
o] 4= Al = ¥AT 219 ¥4 A3 (compensating
defect)S ¥ =3Hpassivation) [35,36]5t9] Ale] 2443}
22 57HA1710, A0} AIN,9F 22 ulE oae @
2 ofAsto] £ 522 GAIHTH37,38]. o]t WA
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[um] [um]

Fig. 3. AFM images of ZnO:Al films: (a) as-grown and post-annealed
in (b) vacuum, (c) nitrogen, and (d) hydrogen.
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annealing atmospheres. Resistivity (p), electron mobility (), and
electron carrier concentration (n) for as-grown and films annealed in
vacuum, nitrogen, and hydrogen atmospheres. The data shows
significant improvement in electrical conductivity for hydrogen-
annealed films due to increased electron carrier concentration and
mobility.
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Fig. 5. Optical properties of ZnO:Al thin films: (a) Optical transmittance spectra of as-grown and post-annealed films at 400°C for 1 hour in
vacuum, nitrogen, and hydrogen atmospheres showing high transparency (80-90%) in the visible range, and (b) Tauc plots [(ahv)? vs. photon
energy (hv)] for optical bandgap determination. The linear extrapolation to (ahv)? = 0 gives the optical bandgap values for different annealing

conditions.

T T T T T T T T T 3.20 T T T T
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r F |
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L 34f  ow 1
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Fig. 6. Room-temperature photoluminescence characteristics of ZnO:Al thin films: (a) PL spectra of as-grown and post-annealed films at
400°C for 1 hour in vacuum, nitrogen, and hydrogen atmospheres, showing ultraviolet (UV), blue, and green emission bands, and (b) peak
energy analysis and emission intensity variations for different post-annealing conditions, demonstrating enhanced luminescence properties

with hydrogen annealing.

FAE YR 2 5E L5t Aejol T Ey= 3.365
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Ao WiEZR oY R] £7H= Bursteln—Moss (B-M) &1}
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7} A =tf(conduction band) WX 2 o]-FstHA] AAL7}
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71 ”AO}@] YHEZ] o X7t 7ot Aot A
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=
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