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A B S T R A C T   

Epitaxial Ga2O3 films were grown by Metal Organic Chemical Vapor Deposition (MOCVD) on native substrates at 
growth rate of 1 µm/hour. The electron conductivity was introduced in the films through Si doping during 
deposition and the growth and doping parameters were optimized to control the electrical transport properties. 
The films were characterized in terms of structure, surface morphology, electrical transport properties, dopant 
concentrations and trapping defects. It was found that electron densities are not solely dependent on dopant 
concentrations and the use of metal organic precursor seems to induce additional donors of carbon. The work 
shows that the electron density and conductivity of MOCVD Ga2O3 films are mainly governed by the interplay 
between dopant concentration, C concentration and the presence of trapping defects in the films, which is most 
likely applicable for other oxide films grown by MOCVD. Conductive films of Ga2O3 with resistivity in the order 
of 0.07 Ω.cm were successfully grown. The electron density in most of these films was in the range of 1019 cm−3 

but the mobility was limited to 1.5 cm2/V⋅s. Higher mobility of 30 cm2/V⋅s was obtained in some films at the 
expense of carrier concentration by reducing Si doping level resulting in resistivity in the order of 0.3 Ω.cm. This 
range of conductivity and mobility is relevant for field-effect transistors (FET) and the applications of Ga2O3 as 
transparent FET in Deep Ultra-Violet (DUV) technology.   

Introduction 

Gallium oxide (Ga2O3) has attracted much attention as a potential 
oxide semiconductor for high power devices, photodetectors, and other 
applications due to its ultra-wide band gap and high breakdown voltage 
[1–6]. Furthermore, our recent development of highly p-type and n-type 
conductive Ga2O3 [7] opens more possibilities for Ga2O3 based devices 
and applications. Unlike SiC and GaN, which are also candidates for high 
power devices, large size β-Ga2O3 bulk substrates can be grown by 
different melt growth methods making Ga2O3 homoepitaxial growth 
very affordable. Fortunately, several growth techniques such as Czo
chralski method (CZ) [8,9], floating zone (FZ) [10,11] and edge-defined 
film fed (EFG) [12] were successfully adopted to grow bulk β-Ga2O3 
substrates. β-Ga2O3 is highly insulating in its defect free form, however, 
Si and Ir atoms from the β-Ga2O3 seed and crucible often lead to 

unintentionally doped (UID) n-type conductivity in the material [12]. 
Deep acceptors like Mg and Fe are commonly used to compensate those 
n-type dopants to achieve the semi-insulating property [13]. High purity 
thin films with high carrier concentration and good mobility need to be 
realized for the successful development of devices. However, epitaxial 
growth of thin films often faces many challenges when attempting to 
minimize defects in the lattice and control dopants. Recently, several 
epitaxial growth methods have been employed to grow β-Ga2O3 thin 
films and electron concentration ranging from 1016 to 1019 cm−3 has 
been reported for doped thin films grown by Molecular Beam Epitaxy 
[14], and metal organic chemical vapor deposition (MOCVD) 
[15,16,17]. Earlier, Gogova et al. [18] reported the growth of Si doped 
β-Ga2O3 on sapphire (0001) substrate by MOVPE method and the films 
were n-type with electron concentrations in the range from 1016 cm−3 to 
1018 cm−3. 
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MOCVD technique, which is the growth method employed in this 
work exhibits excellent reproducibility and can be scaled up for high 
volume production [19]. Recently, the rotating disc MOCVD reactor has 
been used by Sbrockey et al. to achieve large area growth of β-Ga2O3 
films [20], while Alema et al. investigated the growth of β-Ga2O3 epi
taxial films using a close coupled showerhead MOCVD [21]. Takiguchi 
et al. showed that epitaxial films can be grown by low temperature 
MOCVD using trimethyl gallium and water [22] and Lv et al. studied the 
epitaxial relationship between β-Ga2O3 and sapphire substrates [19]. 
Recently, density functional theory and molecular dynamics studies 
have became very useful to understand the correlation between the 
MOCVD growth conditions and the structural and electronic properties 
of the films [23–24]. 

In this work, we study the growth of homoepitaxial β-Ga2O3 films 
doped with Si using close coupled showerhead MOCVD technique and 
vary the ratio of gallium/oxygen and silicon precursor to produce 
conductive epitaxial films. Then, we characterize the films in terms of 
structure, surface roughness, electrical transport properties, dopant 
concentrations, and trapping defects and demonstrate the effect of 
precursor mass flow rates and dopant concentrations on the film prop
erties. The study reveals the strong interplay between the growth pa
rameters, dopant concentrations and defects in the films. By the right 
tuning of growth parameters, films with relevant electrical transport 
properties for applications of Ga2O3 in field-effect transistors (FET) in 
high power and deep ultra-violet (DUV) transparent devices can be 
realized. Ga2O3 has been already recognized as a potential semi
conductor for novel DUV technology [25–28]. Matsuzaki et al. recently 
described how the electrical properties of DUV transparent Ga2O3 films 
must sustain a conductivity value less than 7 × 10−3 S/cm assuming a 
drift ‘mobility of ~0.44 cm2/(V⋅s) to attain proper functionality of FETs 
[29]. These values can be easily realized and controlled through the 
growth process and parameters reported here. 

Description of BGSU’s MOCVD system 

Bowling Green State University’s MOCVD is an Agnitron system with 
a few modifications. It uses a closed coupled showerhead technique that 
allows chemicals to be introduced vertically into the reaction chamber. 
The showerhead is designed for an equal distribution of gaseous pre
cursors throughout the chamber onto the wafer. The showerhead is 
located approximately 15 cm above the heated wafer to allow for a 
quick, uniform diffusion of gas molecules onto the rotating, heated 
wafer. A schematic diagram for the reaction chamber is shown in Fig. 1. 

The wafers are placed on a carrier that can rotate up to 1000 rpm. A 
resistance heater is isolated beneath the carrier to adjust the tempera
ture from RT to 1000 ◦C. Fig. 1 illustrates how the precursors and gases 
are introduced to the shower head and the reaction chamber. Nitrogen 
gas is used for purging the system and argon is used as a gas carrier for 
the metal organic precursors. The system uses a turbomolecular-pump 
(EBARA) to generate many degrees of vacuum from intermediate vac
uum (~10−2 Pa) up to ultra-high levels (~10−8 Pa) inside the reaction 
chamber giving the gas molecule a preferential diffusion vacuum. A high 
velocity water stream flows over the walls of the chamber to prevent 
over heating of the reaction chamber. Lines carrying the precursors in 
the system are wrapped with heating tapes to prevent deposition inside 
them and minimize cross contamination. The metal organic precursors 
are stored in bubblers kept at relevant temperatures according to their 
vapor pressure. A large number of atomic precision mass flow rate 
controllers are used to adjust the flow rates of the precursors and gases 
through the system. The system is fully controlled by Imperium software 
from Agnitron technologies. 

Ga2O3 growth parameters and conditions 

Undoped and doped Ga2O3 films were epitaxially grown on semi- 
insulating substrates of (010) CZ β-Ga2O3 single crystal. Metal organic 
trimethyl-gallium (TMG) and oxygen were used as precursors and 40 
ppm silane (SiH4)/He gas mixture was used for doping. The TMG 

Fig. 1. A Schematic diagram showing the MOCVD reaction chamber.  
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bubbler was kept at –10 ◦C during the growth process. 
Before each growth, the parameters were selected, and a recipe is 

created and inserted into the IMPERIUM software. The film thickness is 
mainly controlled by deposition time and growth rate, which is strongly 
affected by the growth pressure in the chamber, substrate temperature, 
and precursor flow rate. The growth rate here is about 1 µm/hr. For all 
films reported here, the substrates were heated to 740 ◦C, rotated at 750 
rpm and pure molecular oxygen (5 N) was separately injected into the 
reactor to mix with the TMG precursors for oxidation with oxygen flow 
rate of 1800 sccm. Before growth, Ga2O3 substrates were degreased 
using ethanol, isopropanol, and deionized water by ultrasonic bath and 
then dried with N2. Once the carrier is loaded with substrates in place, 
the chamber is pumped down, and the growth commences. Steps are 
carried out following the recipe and fully executed by the software. 

Characterization methods 

X-ray diffraction (XRD) measurements were performed using a 
Rigaku diffractometer [30] and the XRD patterns of Ga2O3 films were 
analyzed using PDXL software (Rigaku). The surface morphology of the 
films was investigated by atomic force microscopy (AFM) [31]. Hall- 
effect measurements were performed using an MMR Hall-effect system 
and Van der Pauw Hall effect measurements were used to determine 
sheet resistance, carrier density and hall mobility at room temperature. 
Four indium contacts were made in a square arrangement on the sam
ples, and the contact area was kept as small as possible. The measure
ments were performed at a constant magnetic field of 9300 G. Secondary 
Ion Mass Spectrometry (SIMS) measurements were carried out using a 
PHI 6650 quadrupole-based SIMS instrument. Profiles were acquired 
using 5 keV Cs + bombardment at an incidence angle of 60◦ from normal 
and the secondary ions were detected. 

Thermal stimulated luminescence (TSL) measurements were carried 
out on the most resistive sample via a spectrometer that was developed 
by one of the authors and described in detail elsewhere [32–35] 
allowing for a direct measurement of the luminescence as a function of 
both wavelength and temperature. First the sample was irradiated with 
UV light in dark at liquid nitrogen temperature of 77 K. Then after 
irradiation, the sample was linearly-ramp heated to 400 ◦C at a rate of 
60 ◦C/min and the corresponding luminescent spectrum was recorded 
from 200 to 800 nm using a charge-coupled device detector. 

Results and discussion 

The as-grown films were studied by several characterization tech
niques to determine the structure, surface roughness, dopant concen
trations and electrical properties. X-ray Diffraction (XRD) results in 
Fig. 2 confirm the formation of β-Ga2O3 phase with a preferred orien
tation along the (010) direction as shown from the peak around 60◦. 
Comparing the film XRD with the diffraction pattern of the substrate 
showed that the film orientation is aligned with the substrate and the 
peak is more intense and sharper for the film. The XRD peak position for 
each film is shown in Fig. 2. There is a small shift to the left in the peak of 
most of the doped films at (60.4) compared to the undoped sample #3 
(61.2) due to the incorporation of Si atoms in Ga2O3 lattice and the 
significant difference between the size of Si atom and Ga atom. Higher 
doping led to a relatively bigger shift in the peak position. The difference 
in the FWHM of XRD peaks indicated in Fig. 2 illustrate the effect of 
doping and changing the mass flow control rate of precursors on the 
crystal quality. The morphology and surface roughness of one resistive 
and one conductive film were studied by Atomic Force Microscopy 
(AFM) and presented in Fig. 3, which reveals a rough surface for the two 
films. This roughness did not hinder the conductivity as indicated from 
the electrical transport measurements of sample # 9 shown below. 
Nevertheless, it is well known that high roughness would impact the 
performance of devices and it should be better controlled for device 
studies. However, our study here only focused on understanding the 

relation between the growth conditions, dopants, trapping defects and 
electrical properties. 

The mass flow rates of TMG and SiH4 were varied to determine the 
optimal growth conditions to attain high carrier concentration. Table 1 
summarizes the electrical parameters of the films as well as the mass 
flow rates of TMG and Silane. The mass flow rates of TMG and silane 
vary from 31.3 to 93.8 µmol/min and from 0 to 89.2 nmol/min, 
respectively. The sheet resistance and sheet carrier concentration of the 
films were also plotted in Fig. 4 as function of the mass flow rates for 
TMG and Silane. The table and figures show that the sheet resistance of 
the films covers a wide range from 1.33 × 103 to 3.22 × 109 Ωcm−2. It 
should be mentioned that the substrates are highly resistive and could 
not be measured by our Hall-effect system which can measure up to 1012 

Ωcm−2. Sample 9 grown with 49.1 µmol/min TMG and 89.2 nmol/min 
silane exhibits the lowest sheet resistance and highest sheet carrier 
concentration. The same conditions were repeated for sample 6, which 
also exhibits high conductivity and very close sheet resistance and car
rier sheet number values indicating the reproducibility of the results and 
confirming that these growth parameters are relevant for producing 
conductive films. It can be seen from Table 1 that the lower Si concen
tration of 8.92 and 17.8 nmol/min led to the highest electron mobility of 
about 30 cm2/V⋅s. Increasing the concentration of Si dopants signifi
cantly increased the sheet electron number up to 3x1015 cm−2 which 
gives sheet resistance of 103 Ω/cm2 but reduces the mobility by one 
order of magnitude. This implies that incorporation of Si atoms en
hances scattering of charge carriers reducing their mobility. Indeed, the 

Fig. 2. XRD measurements for undoped and Si-doped β-Ga2O3 films grown 
with different mass flow rates of TMG. 
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carrier mobility in Ga2O3 and semiconductors in general is highly 
impacted by doping. Doping increased the scattering due to the forma
tion of ionized impurities acting as donors and the formation of defects 
associated with dangling bonds. 

The undoped sample shows very high resistivity more than 1012 

Ω/cm2 (the sensitivity of our Hall measurement system). This high 
resistance implies that the films do not contain significant background of 
intrinsic/extrinsic shallow donor defects. One important observation 
from Table 1 and Fig. 4 is that the dopant flow rate does not solely 
determine the conductivity of the films. SIMS was performed on 4 films 
to measure the actual Si concentrations incorporated in the films and 
Fig. 5 a depicts the depth resolved Si concentration for films grown with 
different TMG flow rates but same silane flow rate of 10 sccm. The films 
show plateaus of close or similar concentration of silicon, but different 
thickness as expected due to different TMG flow rates and growth time. 
The Si concentration measured within the plateau is in the order of 1019 

cm−3 for all films and only varied from (3.0 to 5.4) × 1019 cm−3. The 
thickness of the films was approximately determined from the depth 
where silicon concentration decreases abruptly indicating the substrate- 
film interface. Carbon is a common impurity in MOCVD growth because 
of the use of metal organic precursors and it may affect the electrical 
properties of the films or the formation of complex defects in them. 
Thus, it is important to determine its concentrations in Ga2O3 films. The 
level of carbon impurity in the films is measured by SIMS and depicted in 
Fig. 5 (b). It can be seen from the figure that the carbon contamination is 
highest on the surface and decreases rapidly with the film depths and it 
does not exhibit a clear plateau as in the case in Si which indicates that C 

Fig. 3. AFM images of: very resistive film (a, b) and most conductive film (c, d), their RMS surface roughness is 47.8 nm and 53.4 nm.  

Table 1 
Growth conditions and electrical transport properties of Si doped Ga2O3 films.  

Sample 
Name 
(TMG: 
SiH4). 

O/Ga 
Ratio 

SiH4 

(nmol/ 
min) 

TMG 
Flow 
rates 
(µmol/ 
min) 

Sheet 
Resistance 
(Ohm/cm2) 

Sheet 
Number 
(cm−2) 

Mobility 
(cm2/Vs) 

Sample 
1 

7 ×
104 

8.92  49.1 1.78E + 05 4.85E +
12 

2.90E +
01 

Sample 
2 

7 ×
104 

17.8  49.1 4.44E + 04 1.61E +
13 

3.09E +
01 

Sample 
3 

7 ×
104 

0  49.1 >1012 N/A N/A 

Sample 
4 

3.9 
×

104 

89.2  93.8 1.19E + 04 4.16E +
14 

1.51E +
00 

Sample 
5 

3.9 
×

104 

17.8  93.8 1.37E + 09 8.05E +
06 

N/A 

Sample 
6 

7 ×
104 

89.2  49.1 5.64E + 03 1.95E +
15 

5.85E-01 

Sample 
7 

1 ×
105 

89.2  31.3 3.22E + 09 2.90E +
06 

N/A 

Sample 
8 

8.7 
×

104 

89.2  40.2 2.78E + 05 1.05E +
13 

2.53E +
00 

Sample 
9 

7 ×
104 

89.2  49.1 1.33E + 03 2.95E +
15 

1.59E +
00  
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mainly diffuses to the films after growth and does not incorporate in the 
structure during layer deposition. Obviously, the carbon level is 
dependent on the TMG flow rate which is illustrated in Fig. 5 (b) and 
Table 2. C can incorporate as an interstitial close to O atoms and form C- 

O bonds, always acting as a shallow donor because only its positive 
charge states are stable over the entire band gap [36]. C on the Ga site is 
more stable on the tetrahedral site; but moves off the Ga site and also 
forms C-O bonds. The +charge state is most stable providing a shallow 
donor. Thus, C would exclusively act as a shallow donor in Ga2O3. 

Table 2 presents the Si concentration, C concentration, thickness of 
each film compared with the carrier density calculated from the sheet 
carrier number and the thickness. It also includes the resistivity and O/ 
Ga growth ratio for each film to facilitate the discussion. All films have 
lower carrier density than Si concentrations even in the most conductive 
films. Careful inspection of the data shows that sample 7 has the highest 
Si concentration but the lowest carrier density and highest resistivity. 
However, Fig. 5 reveals that the Si concentration in this sample is lower 
than the other films in the first 500 nm. Sample 8 has higher Si con
centration than sample 4 but 2 orders magnitude less carrier density. 
This large discrepancy between the carrier density and Si concentration 
implies that there are other factors affecting the formation of charge 
carriers in the films besides Si. As discussed above C impurities also 
influence the film transport properties and act as shallow donors and 
sample 7 and 8 have indeed the lowest carbon concentration. However, 
the difference in carbon concentration between films is small and cannot 
account for the large difference in carrier density. In addition, the 
undoped films are always highly resistive despite the expected presence 

Fig. 4. The sheet resistance (a) and sheet carrier number (b) as a function of the mass flow rate of Ga and Si precursors.  

Fig. 5. SIMS results: depth resolved silicon concentration (a) and carbon concentration (b) in Ga2O3 films grown with different oxygen/gallium (O/Ga) ratio.  

Table 2 
Silicon and carbon concentrations in correlation with the resistivity and carrier 
density of Si doped Ga2O3 films. The table also displays the O/Ga growth ratio 
for each film.  

Sample 
Name 
(TMG/ 
SiH4) 

Si conc. 
(cm−3) 
at 600 
nm 

Carbon 
conc. 
(cm−3) 
at 1400 
nm 

Film 
thickness 
(nm) 

Resistivity 
(Ω. cm) 

Carrier 
density 
cm−3 

O/Ga 
Ratio 

Sample 
6 

3.98E 
+ 19 

6.92E +
17 

624 3.52E-01 3.13E 
+ 19 

7 ×
104 

Sample 
4 

3.07E 
+ 19 

7.79E +
17 

1943 2.31E + 00 2.14E 
+ 18 

3.9 
×

104 

Sample 
8 

3.14E 
+ 19 

2.04E +
17 

1629 4.53E + 01 6.44E 
+ 16 

8.7 
×

104 

Sample 
7 

5.42E 
+ 19 

8.23E +
16 

956 3.08E + 05 3.03E 
+ 10 

1 ×
105  
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of carbon in them. Accordingly, we anticipate that carbon may have 
small effect on the carrier density only in doped films probably because 
of the formation of more stable carbon related defects acting as donors. 

An important difference between the resistive samples 7 and 8 and 
the conductive samples 4, 6 and 9 is the O/Ga growth ratio which can 
greatly impact defect types and concentrations in the films. This ratio is 
higher in the resistive films; Sample 7 is the most resistive sample by far 
has the highest O/Ga ratio. High O/Ga ratio results in Ga poor phase and 
the formation of Ga vacancies which are known to be deep acceptors in 
Ga2O3 [37–40]; compensating Si donors. This can explain the reason 
behind the high resistivity in this sample. However, if we compare O/Ga 
ratio in the conductive films 6 and 4, this argument does not hold. 
Sample 6 has higher carrier density and higher O/Ga ratio than sample 4 
(although the difference in carrier density is not large). The lower carrier 
density in sample 4 may be due to the lower concentration of Si in the 
sample. From the aforementioned discussion, the electrical transport of 
the films cannot be simply correlated to one parameter such as the 
dopant concentrations or the presence of deep acceptors. They are rather 
consequences of the interplay of several factors including dopant con
centration, impurity concentration and the presence of deep acceptors. 

The strong dependence of the transport properties on the combined ef
fect of these factors is expected to dominate in all oxide films grown by 
MOCVD. In our discussion we predicted the formation of deep acceptors 
of Ga vacancies from the O/Ga growth condition, however, it is also 
important to consider other possible origins of deep acceptors in the 
films such as other Ga vacancy related defects or Fe impurities which 
may diffuse from the semi-insulating Ga2O3 substrate to the film. 

To further investigate the presence of deep acceptors in Si doped 
Ga2O3, we carried out TSL spectroscopy on a resistive film. In previous 
works, we have established TSL as an effective method of detecting both 
shallow and deep traps in oxides, dielectrics, and semiconductors 
[41–43] including Ga2O3 single crystals and films [2,44]. In fact, we 
recently showed that TSL can be used to calculate the concentration of 
compensating acceptors in Ga2O3 [45]. Thus, TSL measurements here 
may give some indication about the presence and number of different 
types of deep acceptors in the resistive films. Fig. 6 displays the 3-dimen
sional TSL emission as a function of temperature and wavelength 
(Fig. 6a) with its projection on x-y plane showing the contour plot 
(Fig. 6b) and its glow curve calculated from integrating the emission 
over the whole range of wavelength (Fig. 6c). The figures show a strong 

Fig. 6. TSL measurements of the most resistive Si doped film. (a): 3-Dimensional representation of the intensity versus the temperature and wavelength, (b): its 
contour plot, (c): TSL glow curve obtained from the integration of emission over the entire wavelength at each temperature. 
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peak around 320 K illustrating the presence of deep traps which can act 
as compensating acceptors in n-type films. There is also a shoulder 
around 300 K in the peak (Fig. 6c) illustrating the presence of another 
trap. These measurements thus suggest there are more than one type of 
defects acting as trapping centers for electrons in the films and explain 
the reason behind the low carrier concentrations and high resistivity in 
some films. The wavelength emission is peaking around 700 nm (Fig. 6 
a) and Fig. 6b) and spreading over 100 nm suggesting broad emission 
most likely associated with more than one impurity or defect center. The 
700 nm emission is common in most oxides and it has been shown to be 
associated with small levels of Fe impurities [46]. The measured TSL 
glow curve and the emission wavelength together with the O/Ga ratio 
and the electrical measurements confirm the presence of both Ga- 
vacancies and Fe impurities and their strong roles as compensating ac
ceptors in these films. 

Conclusions 

Homoepitaxial conductive Si doped β-Ga2O3 thin films were suc
cessfully grown at high growth rate of 1 µm/hr by MOCVD in a closed 
coupled showerhead vertical rotating system. The optimal process pa
rameters were determined by varying the dopant and metal organic 
precursor mass flow rates. The electrical transport properties of the films 
were found to be governed by the interplay between dopant concen
tration, carbon concentration and trapping defects. This finding is ex
pected to be true not only in Ga2O3 but in all oxide films grown by 
MOCVD. A wide range of resistivity from 3.08E + 05 to 7.0E-02 Ω.cm 
and carrier density from 3.0E + 10 to 5.0E + 19 cm−3 was measured in 
the films. Conductive films with less than 0.1 Ω.cm, 1019 cm−3 electron 
density and 1.5 cm2/V⋅s mobility and films with 2.0 Ω.cm sheet resis
tance and 30 cm2/V⋅s mobility were successfully fabricated. This range 
of conductivity should be relevant for field effect transistors (FETs) and 
application of Ga2O3 as transparent FETs in deep ultraviolet (DUV) 
technology. Moreover, the high growth rate creates an opportunity of 
low cost and low energy consuming production of the films. 
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