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BEHAVIOR OF Si INCORPORATION IN
Al_Ga,__As (x =0 TO 1) GROWN BY GAS
SOURCE MOLECULAR BEAM EPITAXY
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Abstract ; The doping behavior of Si in AlGaAs with AlAs mole fraction from 0 to 1 was reported. Si-doped Al,Ga, _, As lay-
ers were grown by gas source molecular beam epitaxy with a constant Si cell temperature for all samples. The electrical
properties and composition of the ternary alloys were characterized by Hall effect and X-ray diffraction, respectively. Re-
sults show that the electron concentration of Si-doped Al Ga, _,As varying with Al mole fraction has a minimum value at x =
0. 38, which is the I'-X direct-indirect band crossover of AlGaAs system. The Hall mobility decreases with the increasing of
AlAs mole fraction till about x =0.4, hereafter it remains at a low value of mobility with small change rate.
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) almost lattice matched, so AlGaAs ternary alloy is
Introduction . . .
quite suitable for epitaxial growth on GaAs substrate

AlGaAs is the most studied and the most widely and is widely used in optoelectronic and high-speed e-

used IM-V semiconductor. Binary GaAs and AlAs are lectronic devices. Applications require high quality n-
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type AlGaAs, which can be obtained by doping with
group IV elements Si, Sn or group VI ones Se, Te. A-
mong them, Si acts as a nearly ideal n-type dopant for
MBE grown AlGaAs materials. An abnormal donor do-
ping variation with Al composition has been observed in
various n-type dopants for AlGaAs grown by different
growth techniques such as solid source MBE, MOCVD
and LPE. Ishibashi et al ["*) observed thatthe carrier
concentration in Si-doped AlGaAs decreased and
reached a minimum value at x =0. 34, simultaneously
the donor ionization energy E, increased abrupﬂy to a
maximum value of 150meV at x =0.36!'). He also re-
ported that the ionization energy reached a maximum
value at x =0. 37 in the composition region 0 <x=<0.
521, Chand et al. *] reported that a shallow donor ley-
el (<15meV) tied to the T band and a deep donor
level tied to the L band was dominant for x >0.2, and
reached the peak at 160meV for x ~ 0.4. The abnor-
mal variation was also observed in Te-doped AlGaAs
and interpreted by Lang et al. ) with so-called DX
centers, which were also investigated in Sn-doped Al-
GaAs. *) Watanabe et al. [ suggested that the ab-
normal donor ionization energy obtained from Hall
measurement was mainly due to the change in the con-
centration ratio of shallow donor centers and DX cen-
ters. There have been detailed investigations on Si-
doped AlGaAs both theoretically and experimentally,
however, all- studies were based on tetrameric As,
source or solid dimeric As, source, and have never
been demonstrated on gas source molecular beam epi-
taxy (GSMBE) systems with cracked arsine source. As
well know that Aluminium is a very active element,
therefore, very easier to react with oxygen to form an
Al,O, layer on the surface. Comparison of GSMBE and
SSMBE, first, GSMBE could provide a hydrogen re-
duction ambient during cracking arsine ( AsH,) to sup-
press Al O, layer ; second, the deep level impurity in
Al,Ga, _,As are depended on the As species, the deep
level impurity in AlGaAs growing from As, source is
much less than growing from As,. GSMBE uses arsine
as a group V source, while AsH; cracking at high tem-
perature, the AsH, will be entirely cracked into As,
( >99). GSMBE has advantages '*°!, in particularly

for Al-based compounds,

In this paper, we report a detailed study on the
doping behavior of Al _Ga, _,As grown by GSMBE, par-
ticularly concentrating on the electrical properties of Si-
doped Al Ga, _, As layers covering the entire composi-

tion range (x =0 to 1).
1 Experimental procedure

The MBE system employed in this study was a
V80H gas source MBE system. 6N AsH,, 6N Al and
6N Ga were used as the source of group V and group
I, respectively. A thermo-cell with a two zone heater
was used as gallium cell to impede gallium droplet
forming, which can reduce the oval defects efficiently.
In every experiment, a quarter of 2-inch Epi-ready
(100 )-oriented un-doped semi-insulating GaAs sub-
strate was mounted on a molybdenum ring holder with a
quarter of 2-inch hollow. Reflection high energy elec-
tron diffraction ( RHEED) was located in the growth
chamber to monitor the surface cleaning treatment. Pri-
or to growth, the substrate was heated to 300°C in the
preparation chamber to desorb water and carbon diox-
ide on the surface for preventing contamination of the
deposition chamber. Then the substrate was transferred
to the growth chamber and heated up in the presence of
ambient arsenic till the surface oxides were desorbed
under the monitor of RHEED. The growth temperature
was S0°C lower than the desorption temperature. The
température was measured by a W-Re thermocouple.
During growth, the substrate was rotated with a rotation
speed of 10 rounds per minute to ensure uniform flux
distribution which related to composition and thickness
uniformity of epilayer. The arsine was cracked to di-
meric As, at 1000°C by a high pressure cracker. The
pressure during layer growth was set to be 2 x 10 ~*Torr
in the deposition chamber. In order to obtain a desired
constant Si doping flux for comparison the effect of Al
mole fraction on donor level, the Si-cell temperature

was fixed at 1200°C during GSMBE growth for all sam-
ples. ‘

After growth, the alloy composition of all samples
was characterized by a Philips X’ Pert high resolution
double-crystal X-ray diffractometer with a Cu Ko, radi-
ation source and a Ge fourfold monochrometer. (0 0

4) reflections were measured with the high voltage at


http://www.cqvip.com

1#§ LI Hua, et al. ;:Behavior of Si incorporation in Al Ga, _,As (x =0 to 1) grown by gas source molecular beam epitaxy 3

| L: FWHM=2larc sec S: FWHM=18arc sec|
/

> . 086
-500 400 -300 -200 -100 O 100 200 300 400
a¥26(arc second)

Fig. 1 Double crystal X-ray diffraction rocking curves of Al,
Ga,_As layers with variation Al mole fraction. The FWHM
values for the epilayer (L) with AlAs mole fraction of 0. 08
is 21arcsec,and the GaAs substrate (S) of 18 arcsec
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30kV and the current at 15mA for all the layers. Due
to the lattice mismatch between AlGaAs layer and
GaAs substrate is in the order of 10 ~°, the measure-
ment of full strained composition value was chosen as
the composition in this study. An AMBIOS XP-2 high
resolution surface profilometer was employed to meas-

ure the thickness of the layers. The Van der Pauw
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Fig.2 Free electron concentrationn versus Al compositionx at
room temperature for Si-doped Al _Ga, _,As (x =010 1). The
temperature of Si donor dopant is kept at 1200°C for all Al,
Ga,_,As (x=01to 1) samples. It is clearly shown that the e-
lectron concentration versus Al mole fraction exhibits an italic
“V” shape. The electron concentration dropped from 4 x 10"
em (AlAs = 0) t07.8x10"%cm > (AlAs = 0.38)
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technique was used to characterize the electrical prop-
erties of the AlGaAs layers at room temperature though
a GPIB controlled Hall-effect equipment, and the ohm-

ic contacts were formed by alloying indium dots.
2 Results and discussions

X-ray diffraction rocking curve is measured on ev-
ery AlGaAs layers, as shown in Fig. 1. The full-width
at half-maximum (FWHM) of all epilayers is between
21arcsec and 38arcsec, and the FWHM of substrates is
about 18arcsec. From Fig. 1, it could be seen that,
with the increase of the AlAs mole fraction , the FWHM
of the epilayer also increases slightly. However, it still
keeps at a quite low level, indicating excellent single
crystal quality and uniformity in the whole AlAs mole
fraction range.

Hall free-carrier concentration of Si-doped Al,
Ga, _,As epilayers at room temperature as a function of
AlAs mole fraction were shown in Fig. 2. From Fig. 2,
it was clearly exhibited that at the same Si doping flux,
the electron concentration decreases dramatically from
410%cm™ t0 7. 8 10"®cm ™, while the AlAs mole
fraction x increases from 0. 1 to about 0. 4, then rises
slowly until x =1. Fig. 3 shows the variation of electron
mobility with alloy composition measured. The mobility

decreases with increasing AlAs mole fraction of 0 <x <
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Fig.3 Hall electron mobility M for Si-doped n-type Al Ga, _,
As versus AlAs mole fraction x at 300 K. The mobility decrea-
ses from 1900 cm’/Vs to 100 cm®/Vs with the increasing of
AlAs mole fraction from O to 0. 38, and thereafter, remains at
low value around 50 cm’/Vs with little fluctuation till x =1
B3 Si#Z:n-B Al Ga,_,As B Hall sTH3 M B Al
H4r x WAL, 72 0 <x <0.4 XA, B AlAs A 5089381,
FEFEM 1900 cm’/ Vs [EF] 100 cm’/Vs;x >0. 4 8, HiF
BRI S0 om’/Vs 2247, EALBEEAR /B
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0.4. And for x > 0.4, the Hall electron mobility re-
mains low in Al_Ga, _, As layers. It is noticeable that
the electron mobility only changes slightly and inde-
pendent of AlAs mole fraction when x >0.45, where
the Hall electron nobilities are between 30cm®/Vs and
60cm’/Vs.

(1] and bowing parame-

Table 1 Bandgap structure parameters

ters!""] used in Fig. 4

£1 E4PRAN GaAs, AlAs SR LM SN Iy gy

Ay |
Bandgaps  Bowing parameter C E, of GaAs (eV) E, of AlAs (eV)
T valley 0.37 1.519 3.099
X valley 0.144 1.981 2.24
L valley 0 1.815 2.46

To understand the drop of electron concentration
in Fig. 2, the composition dependences for the direct
and indirect gaps in Al_Ga, __ As were plotted in Fig.
4. For AlGaAs alloy, the dependence of energy gap on
alloy composition is assumed to fit a simple quadratic
form ' ‘

E(ALGa, _As) = «E (Alks) + (1 -2)E (Gaks) -2(1 -2)C , (1)
where the bowing parameter C accounts for the devia-
tion from a linear interpolation between two binaries A-
1As and GaAs. The recommended values of the nonzero

(1]

bowing parameters'‘ and the bandgap structure pa-

(19} of both binaries used in this study are lis-

rameters
ted in Table 1. The crossover points are: x(L-X) =0.

35, E, =E, =2.04eV, x(I-X) =0.39, E, =E, =
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Fig.4 T-, L- and X-valley energy gaps E, versus Al _Ga,_ As

[10]

compositionx. The bandgap structure parameters' - and bowing

parameters''!! used here are listed in Table 1

B4 ALGa _As BRI T LA X BB F B E, BEA S x
ML Hp BT s s E " i 25" 5T
19

2.05eV, x(I'-L) =0.41, E. =E, =2.08eV. And the
direct-indirect bandgap crossover is at x =0.39.

The valley point in electron concentration is in a-
greement with the critical AlAs composition of direct-
indirect crossover for I'-X in the Al _Ga,_, As system.
A quite similar phenomenon has been reported by Li et
al. 2} in the Te doped n-AlGaAsSb system, where the
Te incorporation was also dependent on the band struc-
ture of AlGaAsSb distinctly. The Hall electron mobility
decreases almost linearly for x <0.4, as predicted by
theoretical calculations based on a shifted Maxwellian

h[lJJ

approac and a Monte Carlo technique[”] for the

three-valley conduction band model. For x >0. 4, the
majority of electrons are in X valley, in which the trans-
port is dominated by larger electron effective mass.

3 Conclusions

With a constant Si dopant temperature,, more than
50 samples of Al Ga, _,As were grown by GSMBE in an
entire AlAs mole fraction for on a donor incorporation -
study. Accurate alloy compositions were obtained by
the X-ray measurements, which also indicated excel-
lent quality of epilayers. The electron concentrations
exhibit strong dependence on the alloy composition of
AlGaAs with the minimum at about x =0. 4 near the I'-
X direct-indirect band crossover. The Hall electron
mobility shows nearly linear dependence on AlAs mole
fraction for x <0.4, and remains low and only varies a

little for higher x.
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