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ARTICLE INFO ABSTRACT

Keywords: Zn acceptor/Ge donor (Zn/Ge)-codoped GaN films with different Zn contents have been deposited on Si sub-
Zn acceptor strates at 300 °C and at 90-150 W by RF reactive sputtering technique with cermet targets at the composition
Ge donor atomic ratios of Zn:Ge:(Ga+ GaN) at x:0.03:(0.97-x) with x = 0, 0.03, 0.06, and 0.09 and Ga:GaN = 3:7. The
GaN . films made with such targets were presented in an abbreviated symbol of Zn-x-GeGaN at x = 0, 0.03, 0.06, and
,Srilll:grll::lg 0.09. The morphology, structure, electrical properties, optical property, and hetero-junction diode devices in-

volved in the Zn-x-GeGaN films were thoroughly investigated. The systematic Zn increment into the n-type Zn-0-
GeGaN through property evaluation provides the supporting information in studying solid solutioning. Zn-x-
GeGaN films converted into p-type semiconductor at x = 0.06 and 0.09. The values of bandgap were in the range
of 2.87-3.17 eV with the lower value for the higher Zn content in Zn-x-GeGaN films. The higher RF power led to
the faster growth, highly deficient in nitrogen, and a higher Zn atom ratio in the deposited film. The 120W-
deposited Zn-0.06-GeGaN film had hole concentration of 7.21 x 10'® cm ™3, hole mobility of 39.1 cm* V™ 's™,

Electrical property

and the electrical conductivity of 0.45S/cm.

1. Introduction

GaN semiconductor material has the wide direct bandgap and in-
teresting characteristics such as high breakdown voltage, high mobility,
and thermal stability [1]. It has been realized that GaN and its alloys are
employed in blue-light-emitting diodes (LEDs) and laser diodes (LDs)
[2,3]. In 2014, Prof. S. Nakamura won the Nobel Prize for Physics and
he showed that defect technology to control the electrical properties of
GaN, which has been promising for the evolution of the p-type Mg-
doped GaN in realizable the commercialization GaN-based LEDs. Alloy
systems in GaN, Mg-GaN and In-GaN had been studied and the n-type
doped properties were modified by efforts in Si-, Ge-, and Sn-doped
GaN [4,5], while codoping GaN with Si donor and Zn acceptor was also
reported [6,7]. Additionally, p-type GaN with high hole concentration
becomes a key material for the improvement in photo-electronic and
electronic devices [8-11]. However, fabrication of p-type doping is
known to be hard for semiconductor with low valence-band maximum
(VBM) energy, while it is difficult to obtain the high conduction-band
minimum (CBM) energy in n-type doping by compensation and bipolar
doping [12,13]. To overcome the drawback of p-type and n-type
doping, the codoping technique has been used to effectively tune the

* Corresponding author.

dopant concentrations and properties of electronic and magnetic de-
vices [14]. The codoping method can effectively increase the solubility
of dopant and the rate of activation by an increment of the electrical
mobility and the reduction of carrier ionization energy [15]. Katayama
et al. [16] proposed the concept of codoping in which the donor and
acceptor were doped at the same time to prepare p-type GaN with low
resistivity. They doped Mg and Si into the lattice of GaN at a con-
centration of 2: 1. As a result, the acceptor energy level was decreased
by codoping and the film was enhanced in the solid solubility of the
dopant, electrical mobility, and carrier concentration. Besides, Kim
et al. studied the doping Mg and Si in GaN by metalorganic chemical
vapor deposition (MOCVD) in 1999. It was explained that the concept
of competitive adsorption between Mg and Si during the deposition
process to get the characteristics of Mg-Si codoping and to make p-GaN
high electrical conductivity [17]. In 2000, Kim et al. [18] investigated
the characteristics of Zn-Mg codoped GaN film deposited by metalor-
ganic chemical vapor deposition technology. S. Nakamura et al. [19]
mentioned that codoped Si and Zn in InGaN formed donor and deep
acceptor energy levels, respectively. Sheu's research team [20] codoped
Si and Zn atoms in InGaN by metal-organic vapor-phase epitaxy
(MOVPE) in 2002 to form the donor and deep acceptor energy levels. In
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2012, M. A. Reshchikov et al. [7] measured the internal quantum ef-
ficiency (IQE) of codoped Si/Zn GaN films as high as 90% by using
time-resolved photoluminescence (TRPL). They used the MOVPE
method to grow n-type GaN: Si, Zn thin films on a sapphire substrate
with a carrier concentration of (0.75-1.14) x 10'° ¢m ™2 and carrier
mobility of 150 cm? V™! s™! at room temperature.

In recent years, our group has successfully employed the RF reactive
sputtering technique for the IlI-nitride compounds with single cermet
targets to replace the pure Ga visco-liquid target [21-25]. The RF re-
active sputtering technology provides an easy-accessible, easy-to-clean,
and low-cost method and the targets used for this method have been
designed in a wide range of the composition. Consequently, the study of
acceptor/donor doping in semiconductors of IIl-nitride compound
especially GaN can be easily executed. The sputtered p-type GaN and
InGaN film had been achieved [21-23]. To study the effects of doping
on the semiconductor properties, a systematic change in film compo-
sition is the basic strategy to study the solid solubility, the structure,
properties, and their relationship for the purpose of understanding the
possible defect nature.

In this work, we successfully grew Zn acceptor/Ge donor (Zn/Ge)-
codoped GaN films on Si substrates by RF reactive sputtering technique
with cermet targets at the metallic composition ratios of Zn:Ge:(Ga
+GaN) = x:0.03:(0.97-x) with x = 0, 0.03, 0.06, and 0.09 and at Ga:
GaN = 3:7. The targets were represented with the abbreviated symbol
of Zn-x-GeGaN at x = 0, 0.03, 0.06, and 0.09, while its formed films
were named as Zn-x-GeGaN films. The variation of the Zn content in Zn-
x-GeGaN films can provide clear evidences for the study of the effect of
point defects on film properties. The hetero-junction p-n diodes made
with Zn-x-GeGaN films and p- or n-type Si substrates were also fabri-
cated to evaluate the diode performance.

2. Experimental details

Zn/Ge-codoped GaN thin films were grown on Si substrates by RF
reactive sputtering technology with a cermet target in the Ar and N,
mixed atmosphere. The targets were made by hot pressing with the
mixture of metallic Zn, Ga and Ge powders and ceramic GaN powder.
After the cermet targets were fabricated by hot pressing at 300 °C for
1 h under argon, the corresponding films made with Zn-x-GeGaN tar-
gets were indicated as Zn-x-GeGaN films at x = 0, 0.03, 0.06 and 0.09.
To avoid the oxygen and impurities, mechanical and diffusion pumps
were employed to pump the chamber pressure down to 1 x 10~ Torr
before sputtering. To get rid of surface contamination of target from hot
pressing, the first run with each target was the test run and used to
clean the target surface with plasma for 1 h. During the formal depos-
iting process, the substrate temperature was set at 300 °C and the gas
admixture of Ar and N, flow was kept at a flow rate of 5 sccm and 15
sccm, respectively. The working pressure was fixed at 9 x 10~ 2 Torr
while the RF sputtering power was 120 W and deposition time 30 min.
The single cermet targets used in RF sputtering were 5.08 cm (2 in.) in
the size and the working distance between target and substrates in
chamber for sputtering was fixed at 5cm. To study the influences of
output RF power for sputtering on Zn-x-GeGaN films, the Zn-0.06-
GeGaN target was used to to deposit films at sputtering power of
90-150 W. The choice of Zn-0.06-GeGaN target for films at different
powers was based upon the performance data from the different Zn-x-
GeGaN films at x = 0, 0.03, 0.06, and 0.09, with which the n-type — p-
type conversion is expected to occur for the valuable p-type Zn-x-
GeGaN.

The hetero-junction diode was also made by RF sputtering tech-
nique. The Zn-x-GeGaN films were deposited on the n-Si (100) or p-Si
(100) substrates. The diodes owned the ohmic contact, as Al with low
work function was selected for contact with the n-type layer (n-Si
substrate or n-GaN based film) and Pt with the high work function was
selected for contact with the p-type layer (p-Si substrate or p-GaN based
film). The hetero-junction devices named device-A and device-B were
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made by the Zn-0-GeGaN and Zn-0.03-GeGaN films deposited on p-Si
substrates, respectively. The p-Zn-GeGaN/n-Si hetero-junction diodes
were fabricated by the Zn-0.06-GeGaN and Zn-0.09-GeGaN films grown
on n-Si substrates to form device-C and device-D, respectively. Those
above-mentioned diodes were deposited on Si wafer with the “top-top”
electrode designing. The n-Si (100) wafer with polished surface had
sheet resistance of ~ 1-10 Q cm, thickness of ~ 550 um, the carrier
concentration of ~10'° cm ™3, and mobility of ~ 200 cm?/V s. Besides,
the boron-doped p-Si(100) wafer had a flat surface, the sheet resistance
of ~ 1-10Q cm, the thickness of ~ 650 um. Pt and Al metals were,
respectively, used to make Ohmic contacts with the p- and n-type
semiconductors for diodes. The electrodes were deposited at 200 °C for
30 min with the pure Al and Pt targets (99.999%) on the tops of film.
The detailed processes for making the diodes with our sputtered III-
nitride films were mentioned in our previous work [10,21,24,26,27].

X-ray diffractometry (XRD, D8 Discover, Bruker) and high—
resolution transmission electron microscopy (HRTEM, Technai G2,
Philips) were employed to study the structure of crystalline Zn-x-GeGaN
films. The morphology of surface and cross-section images of the Zn-x-
GeGaN films were observed by scanning electron microscopy (SEM,
JSM-6500F, JEOL). Atomic force microscopy (AFM, Dimension Icon,
Bruker) was used to determine the topography of surface and the root-
mean-square (rms) values of roughness of these films. The composi-
tional analyses of Zn-x-GeGaN films were proceeded by the energy
dispersive spectrometer (EDS, JSM-6500F, JEOL) on SEM. Hall mea-
surement system (HMS-2000, Ecopia) with a maximum magnetic field
of 0.51 T was applied to measure the electrical concentration, electrical
conductivity and mobility of Zn-x-GeGaN films, while their absorption
spectra were tested by ultraviolet-visible (UV-Vis) spectrometer (V-
670, Jasco) The electrical properties of the diodes were investigated by
the I-V tests with a Semiconductor Device Analyzer (Agilent, BI500A)
at room temperature.

3. Results and discussions

3.1. Influences of Zn dopant content on structural and properties of the
sputtered Zn-x-GeGaN films

Table 1 shows the EDS composition analyses of Zn-x-GeGaN films
with different Zn contents (x = 0, 0.03, 0.06 and 0.09) grown at 120 W
in power and the temperature of 300 °C under Ar and N, flow of gases.
The [N]/([Zn] + [Ga] + [Ge]) atomic ratios were 0.938, 0.909, 0.876
and 0.865 for Zn-x-GeGaN films at x = 0, 0.03, 0.06, and 0.09, re-
spectively and the nitrogen composition appeared to be lower at the
higher Zn content. The [Zn]/([Zn] + [Ga] + [Ge]) atomic ratios were 0,
0.047, 0.079, and 0.129, as the Zn cationic contents in cermet targets
were 0, 3, 6 and 9 at%, respectively. From EDS testing data, the Zn
contents in Zn-x-GeGaN films were noticeably higher than those in the
targets. It is expected that there was a higher sputtering yield for Zn
than other composition like Ga and GaN. Besides, the data in Table 1
also shows that the [Ge]/([Zn] + [Ga] + [Ge]) atomic ratios were 0.042,
0.036, 0.037, and 0.041 for Zn-x-GeGaN at x = 0, 0.03, 0.06, and 0.09,
respectively and Ge content in films was slightly higher the expected Ge
ratios of 3 at% in the sputtered targets. The basic trend in Table 1 is that
the higher Zn doping content leads to the higher Zn amount and the
much nitrogen deficiency or the more nitrogen vacancies in film. As the
concentration of cationic Zn becomes higher, the total cation charge
becomes lower. In order to have charge balance, the N content needs to
be lower at the same time.

Fig. 1a presents the XRD patterns of the Zn-x-GeGaN films (x = 0,
0.03, 0.06, and 0.09) deposited by RF sputtering at power of 120 W.
From the XRD investigation, all Zn-x-GeGaN films sputtered on Si
substrates had a wurtzite crystal structure. The diffraction (1010), (1011)
and (1120) peaks were distinctly detected from these Zn-x-GeGaN films
with the preferential (1010) growth plane without second phases being
found. The diffraction intensity of (1010) peak became weaker and that
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Table 1
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Compositional analyses of Zn-x-GeGaN films sputtered at the different Zn contents in targets and at various RF sputter power range of 90-150 W.

Deposition parameters [Zn] (at%) [Ga] (at%) [Ge] (at%)

[N] (at%)

[Zn] /([Zn] +[Ga]l +[Ge])  [Ge] /([Zn]+[Ga]+[Ge])  [N] /([Zn]+[Ga] + [Ge])

x in Zn-x-GeGaN 0 - 49.45 2.16 48.39 - 0.042 0.938
0.03 247 48.03 1.88 47.62 0.047 0.036 0.909
0.06  4.22 46.91 2.00 46.87 0.079 0.037 0.876
0.09  6.93 44.46 2.22 46.39 0.129 0.041 0.865
Sputtering power (W) 90 1.33 48.65 1.65 48.37 0.026 0.032 0.937
120 422 46.91 2.00 46.87 0.079 0.037 0.876
150  6.37 46.54 2.31 44.78 0.115 0.042 0.811
of (1011) peak stronger as Zn dopant content in deposited films in- Table 2

creased. Table 2 lists all the observed data from X-ray diffraction ana-
lyses. It displays that lattice constants of a and ¢ and the unit cell vo-
lume of Zn-x-GeGaN films decreased as Zn content in the grown films
increased. While the lattice constant of ¢ was 5.54 A for Zn-0-GeGaN
and 5.62A for Zn-0.03-GeGaN, this constant dropped to 5.45 and
5.09 A for Zn-0.06-GeGaN and Zn-0.09-GeGaN films, respectively. Be-
sides, a was 3.41 A for Zn-0-GeGaN and 3.45 A for Zn-0.03-GeGaN, but
declined to 3.35 A for Zn-0.06-GeGaN and 3.13 A for Zn-0.09-GeGaN.
Additionally, cell volumes of Zn-x-GeGaN films at x = 0, 0.03, 0.06 and
0.09 was 55.59, 58.20, 53.02, 43.21 at 10\3, respectively. From the value
of 20 degree shown in Table 2, the full width at half maxima (FWHM)
values of the (1010) peaks exhibited a slight increase from 0.26° for Zn-
0-GeGaN to 0.29° for Zn-0.03-GeGaN and a dramatic rise to 0.34° for
Zn-0.06-GeGaN and to 0.38° for Zn-0.09-GeGaN. Besides, the crystallite
sizes calculated by the Scherer equation with the FWHM values were
34.22, 30.31, 26.04 and 23.72nm for the Zn-x-GeGaN films at x = 0,
0.03, 0.06, and 0.09, respectively. The FWHM value of the (1010) peak
was a function of crystallite size. It is indicated that there was a re-
duction of Zn-x-GeGaN crystallite sizes from 34.2 nm to 23.7 nm as the
higher Zn content in films had the higher FWHM values of the (1010)
peaks in Zn-x-GeGaN film. The effective ionic sizes of Zn, Ge, and Ga
are 74, 73, and 62 p.m., respectively [24]. The increase in the Zn
content in film is expected to expand the lattice and have a larger cell
volume, but actually the cell volume decreased. The explanation can be
related to the increase in the nitrogen vacancy content at the higher Zn
content in film, as the explanation for the N content in Table 1, to lead
to the shrinkage of unit cell.

Fig. 2 shows the SEM surface and cross-sectional images and the
AFM morphologies of Zn-x-GeGaN films after scanning on the
5 x 5 um? dimension of these films grown at temperature of 300 °C and
120 W in power by RF sputtering technology. The SEM surface
morphologies presented that the microstructure for the deposited Zn-x-
GeGaN films was continuous and smooth with their average grain size
in nanometer scale. Fig. 2 also represents the SEM cross-sectional
images to show the good adhesiveness and the interfaces between Zn-
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Structure properties of Zn-x-GeGaN films at x = 0, 0.03, 0.06, and 0.09 and Zn-
0.06-GeGaN films sputtered at sputtering powers of 90, 120, and 150 W, ob-
tained from X-ray diffraction analyses.

Deposition 20 of a (;\) C(A) Volume (AS) FWHM Crystallite
parameters (1010) of (1010) size (nm)
peak (degree)
x in Zn-x- 0 32.35 341 5.54 55.59 0.26 34.2
GeGaN 0.03 32.30 3.45 5.62 58.20 0.29 30.3
0.06 3233 3.35 545 53.02 0.34 26.1
0.09 3240 3.13 5.09 43.21 0.38 23.7
Sputtering 90 32.25 3.2 5.21 46.22 0.38 24.2
power 120 32.33 3.35 5.45 53.02 0.34 26.1
w) 150 3240 3.19 518 4557 0.23 39.2

GeGaN layers and Si substrate free of cracks or voids. The thick thick-
ness of Zn-x-GeGaN films decreased from 1.2 pym to 0.96 pm as Zn do-
pant content in film increased from 0 to 9 at%. The growth rates of Zn-
x-GeGaN films at x = 0, 0.03, 0.06 and 0.09 were 40, 40, 33 and
32 nm/min, respectively, as shown in Table 3. The data showed that the
film deposition rate slightly dropped at the higher Zn content. From the
thickness variation, it is found that the Zn addition slows the grain
growth. The reason can be attributed to the difficulty in incorporating
the Zn into the Ga lattice in GaN, as they have the charge difference. To
have a higher Zn substitution, the Zn-x-GeGaN phase formation on
substrate for chemical reactions will take longer time with a slower
growth rate. From the Fig. 2e-h, it has shown that the root-mean-square
(rms) roughness values of Zn-x-GeGaN films were 1.67, 0.80, 1.61 and
2.55nm for Zn-x-GeGaN films at x = 0, 0.03, 0.06 to 0.0.09, respec-
tively. The incorporation of different Zn amounts in Zn-x-GeGaN can
make the surface smooth, but a higher Zn content in film degraded the
surface smoothness. The rougher surface for Zn-x-GeGaN at a higher Zn
content can be related to the retarded surface reactions with more Zn
atoms trying to be soluble into the Ga lattice in films. The growth re-
tardation by Zn on surface kinetic reactions is consistent with the ex-
planation for the Zn effect on the growth rate. The grown GaN film by
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Fig. 1. XRD patterns of (a) Zn-x-GeGaN films at x = 0, 0.03, 0.06 and 0.09 and (b) Zn-0.06-GeGaN films grown at output RF powers of 90, 120, and 150 W.
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Fig. 2. (a,b,c,d) SEM surface images and (e,f,g,h) 3D AFM morphologies of Zn-x-GeGaN films at (a,e) x = 0, (b,f) x = 0.03, (c,g) x = 0.06, and (d,h) x = 0.09. The

insets are their individual cross—sectional images.

RF sputtering method had the range of roughness from 0.7 to 20 nm
[28], while the GaN films prepared by MOCVD system possessed
roughness in the range of 0.5-3 nm [29]. Our RF reactively sputtered
Zn-x-GeGaN films with the surface roughness of 0.8-2.55 nm have de-
monstrated its surface flatness and smoothness.

Field emission Gun Transmission Electron Microscopy (FEG-TEM)
has been used to study the structure-property of the Zn-0.06-GeGaN
film. As shown in Fig. 3, the high-resolution image Zn-0.06-GeGaN film
indicated the (1010) plane with the calculated d-space value of 2.8 A.
There were no inclusions or second phases remained in the image. The
chosen area electron diffraction (SAED) pattern of Zn-0.06-GeGaN film

129

was presented in the inset in Fig. 3. From the SAED image, it was a ring
pattern determining that structure had a characteristic of polycrystal-
line. The diffraction rings contributed from the (1010), (1011) and (1120)
crystal planes of Zn-x-GeGaN were logically consistent with the XRD
results. It is further confirmed that Zn and Ge formed the solid solution
into the GaN crystal lattice.

The electrical properties of Zn-x-GeGaN films at x = 0, 0.03, 0.06,
and 0.09 were tested by Hall measurement system at room temperature.
Fig. 4a illustrates the electrical characteristics of Zn-x-GeGaN films
(x =0, 0.03, 0.06, and 0.09) deposited at 120 W and temperature of
300 °C for a period of 30 min. From EDS data, while Ge dopant content
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Table 3

The influences of Zn content in target and RF sputtering power on the structural
properties of Zn-x-GeGaN films.

The deposition Film thickness  Deposition rate Roughness
parameters (nm) (nm/min) (nm)
x in Zn-x-GeGaN 0.0 1.20 40 1.67
0.03 1.20 40 0.80
0.06 1.00 33.33 1.61
0.09 0.96 32.00 2.55
Sputtering power 90 0.85 28.33 0.51
W) 120 1.00 33.33 1.61
150  2.00 66.67 2.37

RN
| (1120) —> X
(1011) ;»'

P,
__

Fig. 3. FEG-TEM image of Zn-0.06-GeGaN film deposited at 300 °C and 120 W
RF power in Ar/N, atmosphere. The inset shows the SEAD pattern of Zn-0.06-
GeGaN film.

in film is close to 4 at% compared with 3 at% of Ge in sputtered target,
Zn content in the deposited film was 4.7, 7.9, and 12.9 at%, as the Zn
contents in cermet targets were 3, 6 and 9 at%, respectively. It is ex-
plained that the electrical properties in grown films are affected by Zn
content in films. The increased Zn content in the sputtered film leads to
the decrease of electron concentration in Zn-x-GeGaN due to the ac-
ceptor hole counteracts the donor electron. From our previous study,
uncodoped-Ge-0.03-GaN film worked as n-type layer and contained the
carrier concentration of 2.55 X 10'® cm™3, electrical mobility of
3.74cm?® V™! s7 1, and conductivity of 1.53Scm ™! [30]. It is expected
that the higher Zn dopant content of Zn-x-GeGaN film can provide more
acceptors and more hole concentration. Thus, the electrical properties
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of Zn-0.03-GeGaN film maintained as n-type semiconductor while it
had the decreased carrier concentration to 8.01 X 10'® cm ™2 and the
increased electrical mobility to 131 cm? V™! s~ 1. At x = 0.06 and 0.09,
the doping amount of Zn in Zn-0.06-GeGaN and Zn-0.09-GeGaN films is
7.9, and 12.9 at%, respectively and the films were transformed from n-
type into p-type semiconductor without any annealing process. The Zn-
0.06-GeGaN and Zn-0.09-GeGaN films had an increment in hole con-
centration from 7.21 X 10'® cm ™2 to 1.38 x 10'® cm ™3, respectively,
while electrical mobility of these films lowered from 39.1 cm?* V™! s™!
t0 28.6 cm® V™! s~ 1. The Zn content in Zn-x-GeGaN films increased and
enhanced the hole concentration in films. Therefore, the electrons in
the n-type could be replaced by the holes for forming the p-type semi-
conductor. It is determined that the conductivity (0) of Zn-x-GeGaN
films depended on electrical concentration and mobility. The o values
were 0.16 Scm ™! for Zn-0.03-GeGaN, 0.45Scm ™ for Zn-0.06-GeGaN
and 6.30Scm ™" for Zn-0.09-GeGaN.

UV-Vis measurement of Zn-x-GeGaN films was investigated at room
temperature. The Tauc equation, represented as Eq. (1), for UV-Vis
database could be used to figure the coefficient of optical absorption
and bandgap (Eg) of Zn-x-GeGaN films.
(ahn)? = A (hv — Ey) 1
where a is optical absorption coefficient, A a constant, hv the incident
photon energy, and E, the energy bandgap of the Zn-x-GeGaN films.
The plots of the (ahv)*-hv curves are shown in Fig. 5a and the energy
bandgap of Zn-x-GeGaN films could be directly obtained by extra-
polating the linear part of these curves. The absorption fringes in Fig. 5
can be attributed to the extremely smooth surface and the 800 nm-thick
films to establish the interference fringes. As seen from the extrapolated
curves, the Zn-x-GeGaN films at x = 0, 0.03, 0.06, and 0.09 had the E,
values of 3.0, 3.02, 2.98, and 2.87 eV, respectively. In this experiment,
the content of Zn for Zn-x-GeGaN films rose from 0 at% at x = 0 to the
highest value of 12.9% at x = 0.09 and their band gap slightly dropped
from 3.0 to 2.87 eV, indicating the solid solutioning of Zn and Ge in
GaN to form the defect levels and to lower the absorption energy.
Neugebauer and his group demonstrated that the nitrogen vacancy (a
donor) in p-type GaN contains the lowest formation energy while there
was the gallium vacancy (an acceptor) in n type GaN [31]. Shikanai
et al. proposed that ionization energy of Ge donor in GaN is 30 meV
[32]. Zn formed the deeper Zng, acceptor level located 200-400 meV
above the valance band [30]. Additionally, Mattila et al. presented that
acceptor energy levels for cation would be located higher the valence
band, indicating a deep acceptor [33]. H. Katayama-Yoshida re-
commended the co-doping method with both n-type and p-type dopants
co-existing at the same time [11]. In the Zn-x-GeGaN thin film, Ge
worked as a donor and Zn an acceptor in GaN. If the GaN has Eg of
3.3 eV, the Ge donor level of 30 meV below conduction band and Zng,
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Fig. 4. (a) Electrical properties of Zn-x-GeGaN films at x = 0, 0.03, 0.06, and 0.09 and (b) electrical properties of Zn-0.06-GeGaN films deposited under different RF

output powers of 90, 120, and 150 W.
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Fig. 5. Plots of (ahv)? vs. photon energy (hv) for the optical band gap determination of (a) the Zn-x-GeGaN films at x = 0, 0.03, 0.06 and 0.09 and (b) the Zn-0.06-

GeGaN films sputtered at different sputtering powers.

acceptor level of 400 meV above the valence band, the photo absorption
energy is about 3.3-0.03-0.4 = 2.87 eV, equal to the E, of Zn-0.09-
GeGaN. This evidence further supports the coexistence of donor and
acceptor in Zn-x-GeGaN films.

3.2. Effects of sputtering power on structural and electrical properties

Our experiments have studied the influences of RF sputtering power
on structural and electrical characteristics of Zn-0.06-GeGaN films with
powers at 90, 120 and 150 W. The processes were kept at 300 °C for
30 min with the Ar and N, flow rates of 5 sccm and 15 scem, respec-
tively. As shown in Table 1. The atomic ratios of [Zn]/([Zn] + [Ge]
+[Ga]) were 2.6, 7.9 and 11.5 at% for Zn-0.06-GeGaN films grown at
90, 120 and 150 W, respectively, while the [Gel/([Zn] + [Ge] + [Ga])
ratios were 3.2, 3.7, and 4.2 at% and the[N]/([Zn] + [Ge] + [Ga]) ratios
were 0.937, 0.876, and 0.811. Under different output RF power con-
dition, the Zn and Ge contents became higher and the nitrogen content
lower at the higher RF power. The reason for the lower N content is due
to the higher Zn content at higher RF power. As Zn>* with a lower
charge valency replace Ga®*, the total positive charge amount de-
creases. To keep the charge neutrality, N> can be removed to decrease
the total negative charge amount, which lead to the lower N content.
An optimal growth condition is required for the reactive sputtering of
Zn-x-GeGaN. In 2005, M. A. Reshchikov showed that there was the
deficient gallium in n-type doped GaN and p-type GaN had the state of
nitrogen-vacancy [34].

Fig. 1b shows the XRD patterns of Zn-0.06-GeGaN thin films. Zn-
0.06-GeGaN films exhibited a wurtzite structure and polycrystalline. At
90 W of power, the grown Zn-0.06-GeGaN film had poor crystallinity
because there was an insufficient momentum of the atoms migrating on
the substrate during the deposition. The (1010), (1011) and (1120) dif-
fraction peaks were found with no other second phases. The diffraction
peak of (1010) located at 32.25°, 32.33°, and 32.40° for the Zn-0.06-
GeGaN films deposited at RF powers of 90, 120, and 150 W, respec-
tively. The (1010) peak shifted to higher diffraction angle at higher RF
power due to the lattice shrinkage. The lattice constant of a, ¢, and
volume of a unit cell of Zn-0.06-GeGaN films in Table 2 slightly de-
creased with higher output power. While lattice constant of ¢ slightly
decreased from 5.83 A at 90 W to 5.29 A at 150 W, the lattice constant
of a dropped from 3.59 to 3.25 A and cell volume correspondingly from
64.87 to 48.43 A% due to the nitrogen vacancy together with the in-
crease of the Zn content in films. Additionally, from data shown in
Table 2, the FWHM values of (1010) peak for the deposited Zn-0.06-
GeGaN films at 90, 120, and 150 W had a decrease from 0.38° to 0.28°,
which further confirmed that there was better crystallinity in a thin film
deposited at higher sputtering power.

SEM images in Fig. 6 exhibited the dense surface and the nanometer

grains without voids and fracture. The cross-section SEM images
showed the columnar growth of Zn-0.06-GeGaN films. The thicknesses
of the Zn-0.06-GeGaN films sputtered at 90, 120, and 150 W in power
were 0.85, 1.0 and 2.0 um, respectively and the growth rates of 28.3,
33.3 and 66.7 nm/min. The film became thicker at higher RF power.
The rms roughness values of Zn-0.06-GeGaN films deposited at 90, 120,
and 150 W were 0.51, 1.61, and 2.37 nm, respectively. The faster
growth rate leads to the rougher surface due to the strong argon
bombardment to the target at a higher RF power, which led to a faster
growth rate.

All the Zn-0.06-GeGaN films deposited at different output powers
remained as p-type semiconductors. As shown in Fig. 4b, n, was
4.27 x 10'®,7.21 x 10, and 5.49 x 10*® cm ™3, p was 150, 39.1, and
8.92cm? V™! s, and o was 0.1, 0.45, and 7.85Scm ™! for Zn-0.06-
GeGaN deposited at 90, 120, and 150 W, respectively. The hole con-
centration and electrical conductivity increased as the sputtering power
rose. The higher Zn content at higher power leads to the higher con-
ductivity.

As shown in Fig. 5b, the extrapolated E, values were 3.17, 2.98, and
2.95 eV for Zn-0.06-GeGaN films under different RF powers of 90, 120,
and 150 W, respectively. As the sputtering power increased from 90 W
to 150 W, the energy band gap gradually became smaller with a de-
crement of 0.22 eV. It is concluded that the increased Zn content in Zn-
0.06-GeGaN solid solution film results in the narrow of the energy gap
due to the coexistence of the Geg, donor level and Zng, acceptor level.

In our system, the higher Zn content in Zn-x-GeGaN led to a larger
FWHM value, smaller crystalline size, lower deposition rate, the
rougher surface, higher hole concentration, and high electrical con-
ductivity. From all this information, it refers that the Zn addition had
changed the growth kinetics from the layer mode to the island mode
[35]. It can related to the Zn element to favor the nucleation of small
clusters and the following three-dimensional growth. These nuclei fa-
vors the cluster formation and the island growth. However, the clusters
lost the adherence and could escape from the surface to lead to the
lower growth rate. On the other hand, the layer mode growth had the
nuclei well adherent to substrate surface, so the faster growth rate.

3.3. The hetero-junction diode devices made by Zn-x-GeGaN films

In our experiment, Zn-0-GeGaN and Zn-0.03-GeGaN films main-
tained n-type semiconductors and Zn-0.06-GeGaN and Zn-0.09-GeGaN
films became p-type ones. The hetero-junction devices were made by
the Zn-0-GeGaN and Zn-0.03-GeGaN films deposited on p-Si substrates
to form device-A and device-B, respectively. The p-Zn-GeGaN/n-Si
hetero-junction diodes were fabricated by the Zn-0.06-GeGaN and Zn-
0.09-GeGaN films grown on n-Si substrates to form device-C and device-
D, respectively. Fig. 7 shows the current density-voltage (I-V) properties
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Fig. 6. (a,b,c) SEM surface images and (d,e,f) 3D AFM morphologies
atmosphere. The insets present their single cross-sectional images.
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Fig. 7. The reverse and forward current-voltage (I-V) plots of Zn-x-GeGaN/Si
layer diodes tested at room temperature.

of the device-A, -B, -C, and -D measured at room temperature from
— 5-5V. Data from the I-V curves showed that the turn-on voltages
were found in 1.0, 1.0, 1.0, and 0.75V for device-A, -B, -C, and -D,
respectively. Table 4 presents the parameters and the electrical
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Roughness = 2.37 nm

of Zn-0.06-GeGaN films deposited at (a,d) 90 W, (b,e) 120 W, and (c,f) 150 W in Ar/N,

Table 4
The parameters and the electrical characteristics of Zn-x-GeGaN/Si diodes.

x in Ge- Leakage current density  Schottky IV Cheung's dV/dInl
x-GaN (A/ecm?) at — 1V barrier height versus I
(eV)
n Rs (kQ) n

0 - 230x10°° 0.55 5.24 0.10 5.23
0.03 -1.70 x 10~° 0.58 476 0.25 4.68
0.06 —-1.21 x107° 0.56 4.58 0.39 4.59
0.09 - 6.41 x107° 0.53 391 0.11 3.90

characteristics of Zn-x-GeGaN/Si diodes. The data indicates that the
reduction of turn-on voltage is related to the lower barrier height. The
leakage current density at — 1 V were — 2.30 x 1075, — 1.70 x 1075,
—1.21 X 1075, and — 6.41 x 10> Acm 2 for Zn-x-GeGaN diodes at
x =0, 0.03, 0.06, and 0.09, respectively. At the 5V forward bias, the
highest current density was 8.37 X 102 A/cm? for the device-D. Be-
sides, device-B had the lowest forward current densities of 8.65 x 10~ 2
A/cm?, while device-A and device-C had the forward current densities
of 416 x 10”2 and 3.13 x 10”2 A/cm?, respectively. As displayed in
the I-V plots, the breakdown voltages were > 5.0, > 5.0, 2.0, and



C.P. Thao et al.

2.5

——7Zn-0-GeGaN/p-Si

| —— Zn-0.03-GeGaN/p-Si
[=—Zn-0.06-GeGaN/n-Si
[ Zn-0.09-GeGaN/n-Si

2.

(=)

dv/din(), (V)

051

0.0

0.0 2.0x10%4.0x1076.0x10°8.0x10°1.0x10"
Current (A)

Fig. 8. Plots of dV/dIn(I) versus current for Zn-x-GeGaN/Si diodes.

1.5V for device-A, -B, -C and -D, respectively. The variations of leakage
current density and forward current density of diodes are consistent
with the electrical property in Fig. 4(a). Basically, the higher con-
ductivity of the Zn-x-GeGaN film can lead to the higher leakage current,
the higher forward current, the lower barrier height, and the lower
turn-on voltage. The easy breakdown all occurred for device-C and
device-D with the p-type Zn-x-GeGaN inside. The possible reason can be
the higher defect density in Zng, and Geg, and the nature of the deep
trapped energy level for Zng,, which leads a short tunneling path at
junction to breakdown.

The electrical characteristics of the diode can be calculated (for
qV > 3kT), based on a standard thermionic-emission (TE) model. It is
showed as the equation: [22,24,36,37]

1= IO-exp[%(V—IRS)] .
where I, is the saturation current, q the electron charge (1.60 x 107*°
(), V is the applied voltage, K Boltzmann constant (1.38 x 10723 JK1),
n the ideality factor, Ry the series resistance, and T the experiment
temperature in Kelvin. Eq. (2) was employed to plot the curve of Inl
versus V. The saturation current I, can be obtained by intersecting the
interpolated straight line from the linear region of the semilog plot. The
barrier height of diode can be computed by applying Eq. (3) [22,27,37].

AA*T
¢y = Eln[ 2]
q

3

where A is the area of the diode with the dimension of 1 x 1 mm?, A"
the effective Richardson constant and ¢p the barrier height. In this
equation, for n-GaN and p-GaN diodes, the value in theory of A" was
computed to be 26.4 Acm ™~ 2K~ 2 with m" = 0.22 m,. while for n-InGaN
diodes, the A" was counted to be 23Acm ™2 K™2 with m" = 0.19m,
[22,27]. The ideality factor n can be achieved by the slope of the linear
region in forward bias [22,27]. It can be calculated from the equation
below:

_ ( q ) ( dv )

~ \xr/{dan 1 4

The dV/d(Inl) versus current figure was plotted by Eq. (4) and
shown in Fig. 8. The ideality factor n can be calculated to be 5.24, 4.76,
4.58 and 3.91, the barrier height ¢ 0.55, 0.58, 0.56, and 0.53 eV for
device-A, -B, -C and -D, respectively. The electrical properties of the
device-A, -B, -C and -D diodes are listed in Table 4.

It is interesting that R; and n can be obtained by Cheung's method
[38,39] which is expressed as below:

dv nKT
(d(lnl)) =Ty s ®)

Io

Materials Science in Semiconductor Processing 82 (2018) 126-134

Table 4 also showed the series resistance Ry and ideality factor n for
the hetero-junction diodes. The ideality factor n was 5.23, 4.68, 4.59,
and 3.90 and the series resistance Rg was 0.10, 0.25, 0.39, and 0.11 kQ
for the device-A, -B, -C, and -D, respectively.

4. Conclusions

Zn acceptor/Ge donor-codoped GaN films have been deposited on Si
(100) substrates by RF reactive sputtering technology with single
cermet targets. The microstructure, electrical and optical properties
were investigated by SEM, AFM, TEM, XRD, UV-Vis spectrometry, and
Hall measurement system. The Zn-x-GeGaN films at different Zn con-
tents possessed the wurtzite structure and were polycrystalline with a
preferential (1010) growth plane. The Zn-x-GeGaN films transformed
from n-type Zn-x-GeGaN at x = 0 and 0.03 into p-type Zn-x-GeGaN
semiconductor at x = 0.06 and 0.09. The highest conductivity was
found to be 6.30 S.cm ™~ for the Zn-0.09-GeGaN film due to its highest
hole concentration of 1.38 x 10'® em ™2 and 28.6cm? V™! S™! in
electrical mobility. Bandgap for Zn-x-GeGaN films was found in the
range of 2.87-3.0 eV with the Zn-0.09-GeGaN film to have the lowest
one of 2.87 eV due to the coexistence of Zng, acceptor and Geg, donor
defects. Zn-0.06-GeGaN films deposited at different sputtering powers
were also investigated. All the film properties are strongly correlated to
the film composition. The higher Zn content in films due to the target or
RF power can have higher hole concentration and electrical con-
ductivity, lower nitrogen content and more nitrogen vacancies, smaller
cell volume, and smaller bandgap, while the surface roughness is re-
lated to the growth rate. For the n-Zn-x-GeGaN/p-Si diodes at x = 0 and
0.03 and p-Zn-x-GeGaN/n-Si diodes at x = 0.06 and 0.09, they had
leakage current density of 107°~107° A/cm? at — 1V, ideality factor
of 3.91-5.24, the Schottky barrier height of 0.53-0.58 eV, and the series
resistance of 0.10-0.39 kQ. Codoping of Zn acceptor and Ge donor in
GaN has shown the significant effects on material properties and device
performance.
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