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Abstract

Carbon (C)-doped aluminum gallium arsenide (Al,Ga,_,As) epitaxial layers with different aluminum (Al) concentrations
have been grown on gallium arsenide (GaAs) substrates by metalorganic vapor phase epitaxy (MOVPE) technique. The
impact of varying carbon tetrabromide (CBr,) flow rates on the electrical properties of Al,Ga,_, As materials with different Al
compositions has been investigated. High-resolution x-ray diffraction (HRXRD) measurement and a Hall effect measurement
system have been used to determine the Al compositions and to evaluate the electrical properties. It has been found that the
carrier density increases and the mobility decreases by increasing the flow rate of CBr, and changing Al compositions up
to a certain point. In contrast, at higher Al compositions, a decrease in carrier density and an increase in mobility have been
observed with increasing CBr, flow rate. Since these observed trends require to be analyzed in more detail, x-ray photoelec-
tron spectroscopy (XPS) has been used to analyze the elements in the structure. From the XPS results, it has been shown
that the atomic concentration of the arsenic in the structure decreased with the increase in CBr, flow rates. In addition, it has
been shown that the Al composition in the Al,Ga,_,As material obtained from the XRD results increases with the increase
in the atomic concentration of the arsenic. Accordingly, a linear increase in carrier concentration is shown with increasing
Al composition. This increase is explained by the effect of the Al-C bond content on the electrical properties of Al,Ga;_xAs.

Keywords Al Ga,_,As - CBr, doping - MOVPE - Al composition

Introduction Photon-detecting devices based on AlGaAs and GaAs,
especially in the visible region, have received considerable

III-V compound semiconductors, having a direct band-gap  attention as viable alternatives to the well-known silicon

nature, have become one of the most important for photo-
voltaic and optoelectronic applications and have attracted
the great attention of researchers interested in these areas.'™’
Especially, among these semiconductor materials, gallium
arsenide (GaAs) and aluminum gallium arsenide (AlGaAs)
heterostructures can absorb light very efficiently, and thus,
they may achieve similar photosensitivity as silicon in con-
siderably smaller quantities, resulting in smaller devices.
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and germanium-based photodetectors.®!! Also, GaAs and
aluminum arsenide (AlAs) are nearly lattice-matched, allow-
ing for the creation of heterostructures from these materi-
als and their alloys with no restrictions on layer thickness
or composition.'? Nowadays, a wide range of devices, such
as high-mobility transistors, photodetectors, solar cells, and
electro-optical switches, are just some examples of devices
made up of Al Ga,_, As/GaAs epitaxial layers.'*!> In order
to obtain Al,Ga,_,As/GaAs epitaxial layers with the desired
properties for electronic applications, they should have been
grown with adequate purity and high crystalline quality.
Electrical properties, optical properties, crystal quality, and
thickness control are related to growth techniques. Some
of the most successful growth techniques are metalorganic
chemical vapor deposition (MOVPE, also called MOCVD),
molecular beam epitaxy, and liquid phase epitaxy.

In addition to the advantages that cause this interest in
Al Ga,;_ As based semiconductors, the use of carbon (C)
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as a p-type dopant in GaAs, and indium gallium arsenide
(InGaAs) structures can also provide strong potential with
appropriate heterostructure formation. In particular, com-
pared to other p-type dopants such as magnesium (Mg), zinc
(Zn), and beryllium (Be), C comes forward due to advan-
tages such as less memory effect, low activation energy,
higher free hole density, good electrical activity, and high
solid solubility.'*"'* Also, very high doping concentrations
10?! cm™* are possible with C due to its low diffusivity.'”
C incorporation can take place using two techniques, unin-
tentional doping (UID) or intentional doping (ID). With a
UID carbon process, carbon atoms from the group III pre-
cursor can be incorporated into the growing material by
lowering the V/III ratio and growth temperature.”’~>* In
terms of growth, it is unsuitable for quickly changing the
V/II ratio and temperature of superlattices with hundreds
of thin layers from one layer to another.”> On the other
hand, the carbon doping concentration can be controlled
by UID without changing the V/III ratio and growth tem-
perature.24 In ITI-V semiconductors, carbon is of interest as
an intentional acceptor due to some of its physical proper-
ties. The use of ID sources has allowed the development of
MOVPE device applications.”> Halomethanes such as car-
bon tetrachloride (CCl,), carbon tetrabromide (CBr,), and
carbon bromide chloride (CBrCl;) are used for ID carbon
since high doping efficiency can be achieved due to weak
C—ClI or C-Br bonds.?®?” C-doped AlGaAs/GaAs can be
produced by using extrinsic doping precursors such as car-
bon tetrabromide (CBr,) and carbon tetrachloride (CC14).28
The advantage of using CBr, is that the growth conditions
are more flexible to reach the desired doping level without
compromising other material properties.'* Another use for
CBr, is the in situ etching of AlGaAs. Andre et al. stud-
ied in situ etching of Al Ga;_,As in MOVPE using CBr,.
They showed that, while the etch rate was almost constant
for GaAs at temperatures of 600°C and 700°C, it decreased
markedly at higher temperatures with higher Al composi-
tions.?” In the literature, some studies have explained the
relationship between the Al composition and the doping
rate of Al Ga,_ As. In this context, Kakinuma et al. showed
that there is a linear relationship between x and the dop-
ing rate in a study discussing UID carbon composition.*
However, Fujii et al. and Kuech et al. have reported that
this relationship is in the form of a square. The higher V/III
ratio leads to a lower carbon concentration, which is funda-
mentally the same tendency as in the GaAs case. The car-
bon concentration usually decreases with increasing growth
temperature, and this trend is affected by the arsine (AsHj;)
mole fraction.’"* Also, in other studies where CCl,** and
tertiary butylarisine (TBAs)* were used as doping sources,
a marked carbon increase was obtained in the x composition
of Al Ga,_ As between 0.5 and 0.7, while an almost constant
carbon ratio was obtained in higher x compositions.** These

studies which discussed the relationship between Al concen-
tration and doping level just explain a uniform relationship.
Moreover, to our knowledge, there is no study showing the
effect of the variation of the CBr, flow on the doping level
and Al concentration in structures with high Al content.

A deeper knowledge of the consequences of Al compo-
sition in enhancing doping precursor flows and different
Al concentrations in Al,Ga,_,As alloy is therefore critical
before its integration into opto-electronic devices. In this
study, we focus on the carbon doping effect on the carrier
density of Al Ga,_,As with changing the Al concentration.
Therefore, successfully grown high-quality Al Ga,_ As epi-
taxial layers are studied here in detail by high-resolution
x-ray diffraction (HRXRD), the Hall effect measurement
system (HEMS), and x-ray photoelectron spectroscopy
(XPS).

Experimental

Al Ga,_,As structures have been grown on a GaAs (001)
substrate by an AIXTRON 200/4 RF-S MOVPE system. The
metal-organic compounds trimethylgallium (TMGa) and tri-
methylaluminum (TMALI) have been used as gallium and
aluminum precursors, respectively. The GaAs buffer layer
has been grown at ~ 25 nm thickness and the reactor tem-
perature and pressure during growth of the buffer layer have
been kept constant at 690°C and 100 mbar, respectively. This
buffer layer has been grown under the same conditions for all
the samples with a TMGa flow of 6.3 x 10! gmol/min and
an AsH, flow of 1.3 x 10° gmol/min. After the buffer layer
growth, the reactor temperature was increased from 690°C to
730°C, and Al Ga,_,As structures with different Al compo-
sitions were grown. All the other parameters have been kept
constant except for the CBr, flow rate of the samples grown
in four different groups. The group A samples have been
grown with a TMALI flow of 1.8 ymol/min, a TMGa flow of
6.7 x 10" ymol/min, and an AsH, flow of 8.9 x 10% ymol/
min and contains 4 different samples. The CBr, flow
rates are 2.3 ymol/min, 4.6 ymol/min, 6.9 ymol/min, and
9.2 umol/min for samples A1, A2, A3, and A4, respectively.
The intended layer thickness for Group A is ~ 350 nm. The
Group B samples have been grown with TMAI flow of
8.8 ymol/min, a TMGa flow of 4.5 X 10" pumol/min, and
an AsH, flow of 8.9 x 10 ymol/min and contains 3 dif-
ferent samples. The CBr, flow rates are 1.5 ygmol/min, 2.3
umol/min, and 4.6 ymol/min for samples B1, B2, and B3,
respectively. The intended layer thickness for Group B is
~ 250 nm (~ 350 nm for B1). The Group C samples have
been grown with a TMAI flow of 6.6 ymol/min, a TMGa
flow of 8.9 pmol/min, and an AsH; flow of 8.9 X 102 umol/
min and contains 2 different samples. The CBr, flow rates
are 1.0 yumol/min, and 1.5 ymol/min for samples C1 and
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C2, respectively. The intended layer thickness for Group
C is ~ 250 nm. The Group D samples have been grown
with a TMAI flow of 3.3 x 10! ymol/min, a TMGa flow
of 8.9 ymol/min, and an AsH; flow of 8.9 x 10? ymol/min
and contains 3 different samples. The CBr, flow rates are
1.0 gmol/min, 2.4 ymol/min, and 8.1 gmol/min for samples
D1, D2, and D3, respectively. The intended layer thickness
for Group D is ~ 280 nm. Figure 1 shows a schematic of the
grown AlGaAs layers, while the growth parameters and the
Al composition (%) values are summarized in Table 1.

Results and Discussion

The properties of the material we have produced have an
active role in the behavior of semiconductor devices. Thus,
the performance of semiconductor devices depends on the
quality of the material, and many techniques are used to
determine the structural, electrical, and optical qualities. The
x-ray diffraction (XRD) technique, the most basic technique

\

p-AlGaAs
GaAs Buffer Layer
GaAs Sllntratt_/

Fig. 1 Schematic of AlGaAs samples.

that does not damage the material, is used to determine the
alloy ratios and lattice constants of ternary alloys, the struc-
tural characteristics, and the quality of semiconductor thin
films. XRD also allows us to obtain important information
in sub-nanometer orders: the thickness of epitaxial layers,
the chemical composition of materials, lattice strains, and
the density of the dislocations.*>™® In this study, a 6-20
scan by using the XRD system (the wavelength of the x-ray
used was Ak, = 0.15405 nm) has been performed to deter-
mine the alloy ratios and lattice constants of the samples.
After the XRD scans, both the thicknesses and alloy ratios
of the grown layers have been obtained with the help of the
GlobalFit simulation software developed by Rigaku. The
simulations and XRD measurements of A1, B1, C1, and D1
are shown in Fig. 2. In these graphs, red, blue, green, and
purple lines correspond to the XRD measurement results
and the black line represents the simulation results. As can
be clearly seen in Fig. 2, the simulation and the XRD meas-
urement results overlap very well. Excellent compatibility
between simulation and measurement is essential to obtain

Group A: Al, A2, A3, A4

———>> GroupB: BI, B2, B3

Group C: C1, C2
Group D: D1, D2, D3

Table! Growth parameters of samples grown via MOVPE and Al compositions (%) and thickness values from XRD

Group T (°C) TMALI (gmol/min) TMGa (#mol/min) AsHj; (#mol/min) CBr, (umol/ Al % Thickness (nm)
min)

Group A

Al 730 1.8 6.7 x 10! 8.9 x 10° 2.3 6 340
A2 730 1.8 6.7 x 10 8.9 x 10° 4.6 6 358
A3 730 1.8 6.7 x 10! 8.9 x 10° 6.9 6 345
A4 730 1.8 6.7 x 10! 8.9 x 10° 9.2 6 354
Group B

B1 730 8.8 4.5 % 10" 8.9 x 10° 1.5 34 360
B2 730 8.8 4.5 % 10! 8.9 x 10° 2.3 34 242
B3 730 8.8 4.5 % 10! 8.9 x 10° 4.6 34 240
Group C

Cl 730 6.6 8.9 8.9 x 10° 1.0 64 255
c2 730 6.6 8.9 8.9 x 10° 1.5 64 235
Group D

D1 730 3.3x 10! 8.9 8.9 x 10° 1.0 92.7 284
D2 730 3.3x 10! 8.9 8.9 x 10° 2.4 92.1 276
D3 730 3.3 x 10! 8.9 8.9 x 10° 8.1 88.7 280
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Fig.2 Simulation and XRD measurements for samples Al, B1, C1, and D1. The red, blue, green, and purple lines represent the XRD measure-
ment results, the black line corresponds to the simulation (Color figure online)

comprehensive and accurate information from the grown
samples.

Figure 3 shows the 6-26 scans of the Group A, B, C, and
D samples. The Al,Ga,_,As peak and the GaAs (004) peak
intertwine due to the low Al content for Group A, although
the diffraction peak of the GaAs (004) substrate on the
right and the Al Ga,_,As peak on the left is clearly seen for
Groups B, C, and D. The diffraction peak shifts to smaller
angles for the Al Ga,_ As layers with increasing Al compo-
sitions. The diffraction peaks of Al,Ga,_,As for Groups A,
B, C, and D can be seen at angles of approximately 66.03°,
65.98°, 65.92°, and 65.87-65.88°, respectively. Using the
GlobalFit simulation software as shown in Fig. 2, the Al
concentrations corresponding to these diffraction angles for
Groups A, B, C, and D have been obtained as 0.06, 0.34,
0.64, and 0.927-0.887, respectively. When the XRD results
for the Al concentrations obtained in the Group D samples
have been examined in detail, a lower Al concentration
(0.921) has been obtained for the D2 sample, which has
approximately 2.5 times more CBr, flow rate than that used
in the D1 sample under the same growing conditions. Like-
wise, a lower Al concentration (0.887) has been obtained

when the CBr, flow rate is increased by approximately 3.5
times in the D3 sample compared to the D2 sample. The
findings demonstrate that CBr, flow has an influence on the
Al concentration in the Al Ga,;_ As samples with high Al
content.

More information using the XRD results can be obtained
about the grown samples. As is well known, the x-rays of the
crystal planes interact with the atoms in the periodic plane,
and the diffraction pattern formed as a result of this interac-
tion is explained by Bragg's law™:

2dsinf = ni 1)

where A corresponds to the wavelength of the x-ray used, d
is the distance between the lattice planes, n is the order of
reflection, and @ stands for the Bragg angle. The distance
between the lattice planes for cubic crystal systems is given
by*:

a

VIR + 1 &)

dypy =
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where a is the lattice constant and integers 4, k, and [ cor-
respond to the Miller indices.

Also, Vegard's law gives the relationship between a ter-
nary alloy and binary compounds and is given by*!:

aAl,Ga,;_ As = xay, + (1 — x)ag,as 3)

where x and (1 — x) are the ratio of AlAs and GaAs com-
pounds in the ternary alloy, respectively. The lattice param-
eters of AlAs and GaAs compounds are 5.66139 A and
5.65330 A, respectively.*? According to Vegard's law, the
lattice parameter (a,) can be calculated by using the Al

XRD 6-26 Scan For Group D
D1 (1.0 pmol/min)
D2 (2.4 pmol/min)
D3 (8.1 pmol/min)

(d)

N
\'\f
A4V,

XRD 6-26 Scan For Group C

(c) C1 (1.0 pmol/min)
I C2 (1.5 pmol/min)
I I
1
| I
I I
1
| I
I [
1
XRD 6-26 Scan For Group B
(b) B1 (1.5 pmol/min)

B2 (2.3 pmol/min)
- B3 (4.6 pmol/min)

Log of Normalized Intensity (a.u.)

XRD 6-20 Scan For Group A
A1 (2.3 pmol/min)
A2 (4.6 pmol/min)
A3 (6.9 pmol/min)
— A4 (9.2 pmol/min)

(a)

65.6 65.8 66 66.2 66.4
0-20 (deg.)

Fig.3 XRD 6-26 scans of Group A (a), Group B (b), Group C (c),
and Group D (d).

composition (x) of the Al,Ga,_,As layer obtained from the
result of the XRD measurement. The a, values have been
obtained as 5.6560 A for the Group B samples, 5.6584 A for
the Group C samples, and 5.6608 A, 5.6607 A, and 5.6605 A
for the D1, D2, and D3 samples, respectively.

In order to calculate the strain, the reference a,, value is
defined and the following expression is used’-**:

__ Ameasured ~ 4o

Ca= 7 “
ap
where ¢, stands for strain.

Both the lattice parameters (a) and the strain values (¢g,)
for all the samples have been calculated, and the results are
given in Table II. The lattice parameters and strain values
for samples Al, A2, A3, and A4 could not be calculated
due to the unclear position of the diffraction angle (6) of
the Al,Ga,_,As.

The increase in Al composition from 0.34 to 0.927 of
the Al,Ga,_,As epilayers causes a rise in the strain ratios
and lattice parameters due to the lattice mismatch between
the epilayers and the substrate.

The electrical characterization of Al Ga,_,As struc-
tures grown on the GaAs substrate via HEMS has been
examined. Figure 4a, b, c, and d shows the variation of
Hall mobility and carrier density values with the chang-
ing of CBr, flow for Groups A, B, C, and D, respectively.
As can be seen from Fig. 4a, b, and c, the carrier density
increases and the mobility decreases as the flow rate of
CBr, increases. Since the variation in the CBr, flow rate
triggers the formation of some scattering mechanisms, it
causes changes in both carrier density and mobility values.
Alloy scattering, impurity scattering, and interface rough-
ness scattering mostly lead to reduced mobility. Also, the
relationship between the mobility u(al) and alloy content
is given by Eq. 5, with mobility value depending on the
mole fraction x (alloy scattering)**:

1
u(al) A= )

The variation of CBr, flow rate on the carrier density
and mobility have a similar impact for Groups A, B, and
C. However, in contrast to the behavior for Groups A, B,
and C, the variation of the CBr, flow rate causes an inverse
effect for Group D, as shown in Fig. 4d.

Table Il Lattice parameters (a)

. Group B Group C Group D
and strain rates of Groups B, C,
and D Bl B2 B3 Cl C2 D1 D2 D3
a(A) 5.6565 5.6555 5.6565 5.6605 5.6606 5.6648 5.6647 5.664
Strain (%) 0.0076 0.0097 0.0075 0.036 0.038 0.071 0.069 0.063
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Fig.4 The effect of CBr, flow rate on the carrier density and mobility values of Group A (a), Group B (b), Group C (c), and Group D (d).
The sheet resistance is also one of the electrical char-
acterization parameters. Figure 5 shows the effect of the
CBr, flow rate on the sheet resistance of the Al,Ga,_ As
. . . 44
epilayer. The sheet resistance is defined by 'g.
I E
R. =
= ouNd © £
N’
v
where qu, e, 1, N, and d correspond to the sheet resistance, 2
the electron charge, carrier mobility, carrier concentration, g
and film thickness, respectively. If the film thickness is kept g
fixed, the layer resistance R, varies with both the carrier =4
density and the mobility. §
The sheet resistance varies inversely proportional to the ﬁ
flow rate of CBr, for Groups A, B, and C due to the lin-
ear relationship between both carrier density and mobility
values with the CBr, flow rate. The reason for this can be 0 LN DR LN AN B
easily understood from Eq. 6. As previously mentioned 0 2x10° 4x10° 6x10° 8x10° 1x10°

for these samples, an increased CBr, flow rate led to an
increase in carrier density and a decrease in mobility.
These variations in the carrier density and mobility result

CBr4 Flow Rate ( mol/min)

Fig.5 Variation of sheet resistance as a function of CBr, flow rate for
Groups A, B, C, and D.
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in a reduction in the sheet resistance for Groups A, B,
and C. In contrast, the sheet resistance tends to increase
slightly due to the decrease in carrier density and increase
in mobility with increasing CBr, flow rate for Group D. It
can be seen that the D3 sample with the highest CBr, flow
rate has the highest sheet resistance.

The change in Al composition (x) and carrier concentra-
tion caused by the CBr, flow rate in the Al Ga,_,As mate-
rial has to be investigated by further analysis. Therefore,
Al Ga,_,As materials in Group D with different CBr, flow
rates have been analyzed by XPS. Figure 6 shows the XPS
spectra of the D1, D2, and D3 samples. It has also been
shown that elements such as Al, Ga, As, C, and O have been
obtained from AlGaAs films, with the O and C elements
due to surface contamination. It can be seen from the figure
that there is no significant chemical shift in the elements
observed for Al Ga,_,As grown at different CBr, flow rates,
and that the elements observed in the sample are the same.
As a result of this, the variation of the CBr, flow rate does
not reveal other types of impurities.

Figure 7a shows the normalized atomic concentration of
the arsenic obtained from wide range XPS spectra plots ver-
sus varying CBr, flow rates. It has been observed that the
atomic concentration of the As in the structure decreases
with the increase in CBr, flow rates. As a p-type dopant, C
is incorporated into the As site in AlGaAs."!” With increas-
ing CBr, flow rate, more C atoms may have preferred to
occupy more As sites. For this reason, sample D3 has the
least atomic concentration of As with the highest CBr, flow

rate. In addition, Fig. 7b shows that the Al composition x
in the Al,Ga,_,As material obtained from the XRD results
increases with the increase in the atomic concentration of
the As. Considering the growth parameters for the samples
in Group D, Table I shows that the TMAI and TMGa flow
rates are 3.3 x 10! ymol/min and 8.9 gmol/min, respectively.
That is, these samples have a quite high Al content. There-
fore, it is thought that the probability of Al-As bonding
increases with the increase of arsine atoms in the structure.
In conclusion, Fig. 7c shows the relationship between Al
composition x and carrier concentration in the Al,Ga,_,As
layer. There is a linear increase in carrier concentration
with increasing aluminum fraction. This increase can be
explained by the effect of the Al-C bond content on the
electrical properties of Al,Ga,_,As. In other words, sample
D1 with the highest Al composition (92.7%) has more Al-C
bond content and, accordingly, the highest carrier density
value (1.03 x 10" cm™).

Conclusions

The electrical and structural properties of AL,Ga,_,As
epitaxial layers with different Al concentrations and dif-
ferent CBr, flow rates have been investigated by XRD,
HEMS, and XPS characterizations. HRXRD results show
that the increase in Al composition (x = 0.34-0.927) of
the Al Ga,_,As epilayers resulted in an increase in strain
ratios from 0.0075% to 0.071% and lattice parameters from

TT T TT T T T T T T Gazp

Intensity (a.u.)
-——-—-—-=-====---Ga2p,,

5--------------0KL

“O1s

As LMM

---------GalLMM

-TTTTTT77C1s
e
Ga 3s

" Al 2p,,

p
e - - - - - - - --------- As3d

o

1200

| v | E | .
600

N
(=
o
O -

Binding Energy (eV)

Fig.6 Wide energy range XPS spectra of D1, D2, and D3 samples.
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CBr, Flow Rate (mol/min)

Fig.7 Normalized atomic concentration of the arsenic from the XPS
spectrum versus CBr, flow rate (a), Al composition (x) in Al,Ga,_,As
material versus normalized atomic concentration of the arsenic (b),

5.6555 A t0 5.6648 A due to lattice mismatch between
the epilayers and the substrate. Also, it has been seen
that an increase in carrier concentration and a decrease
in mobility take place by enhancing the CBr, flow for dif-
ferent Al concentrations up to a critical point. Moreover,
the sheet resistance results reveal that the critical point
results from a high Al concentration with the variation
of CBr, flow rate in the Al,Ga,_ As layers. In addition, it
has been observed that the high amount of both Al and the
CBr, flow rate affected the Al concentration in the struc-
ture, and the reason for this has been explained using the
atomic concentration of the arsenic from the XPS results
for Group D. It has been shown that the atomic concen-
tration of the arsenic in the structure decreases with the
increase in CBr, flow rates. From this result, it is predicted
that, with an increasing CBr, flow rate, more carbon atoms
may have preferred to occupy more As sites. The Al com-
position x in the Al,Ga,_,As material obtained from the
XRD results shows that it increases with the increase in
the atomic concentration of the arsenic. Since these sam-
ples have very high Al contents, it is thought that the prob-
ability of the AI-As bond increases with the increase of
arsine atoms in the structure. As a result, there is a linear
increase in carrier concentration with increasing aluminum
fraction. That is, the D1 sample with the highest Al com-
position has more Al-C bond content and accordingly the
highest carrier density value. Our research yields recent
insights into the grasping of the structural and electri-
cal responses in C-doped Al Ga,_,As with different Al
compositions.
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