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A direct method to produce and measure compositional grading 
in Alx Ga1 _ x As alloys 

M. Sundaram, A. Wixforth, R. S. Geels, A. C. Gossard, and J. H. English 
Department 0/ Electrical Engineering, and Materials Department, Uni!Jersity o/California, 
SantaBarbara, California 93106 

(Received 3 December 1990; accepted 31 January 1991 ) 

We present a method to calibrate the profile of Al mole fraction versus depth, deposited in growth 
of graded Alx Gal _ xAs alloys in a molecular-beam epitaxy machine. A computer is used to either 
ramp the Al oven temperature (analog alloy), or pulse the Al beam (digital alloy), with a 
fractional monolayer depth resolution that permits averaged alloy profiles corresponding to a 
range of different design profiles to be obtained. The profiles are measured in calibration runs by 
using a fast picoammeter to track the ion-collector current of the beam flux monitor ion gauge 
(facing the ovens), and integrating the ion current with time. Parabolic quantum wells are grown 
by either technique and the corresponding measured profiles are compared to each other and to 
the design profile. The ability of the digital-alloy technique to obtain almost arbitrarily varying 
graded-alloy profiles is illustrated. 

I. INTRODUCTION 

Tailoring of the energy band gap in semiconductor hetero-
structures is a useful technique of controlling the electronic 
and optical properties of carriers in devices made from these 
materials. Examples are the single (multi) quantum well 
p-i-n laser in which the intrinsic region consists of a square 
weIHs) with parabolically graded barriers (e.g., the 
GRINSCH laser), I and heterojunction bipolar transistors 
(HBTs) with graded-gap base regions.2 The scope of this 
technique is so wide that it is referred to generally as band 
gap engineering. 3 Modem epitaxial growth techniques such 
as molecular-beam epitaxy (MBE) lend themselves readily 
to the growth of abrupt or smoothly graded 
GaAsl Alx Gal _ x As heterointerfaces. 4 

Recently, a series of structures have been devised in which 
modulation doping and a graded band gap have been com-
bined to obtain a high-mobility electron gas with a con-
trolled static density distribution. 5 In the structures which 
were studied, electrons were introduced into wide parabolic 
wells by remotely doping the barrier layers surrounding the 
well. The parabolic potential wells were themselves created 
by appropriately grading the mole fraction x of an 
At Gal "As alloy layer. The electrons were found to distri-
bute themselves across the parabolic well with the density 
being governed by the curvature of the design parabola, in 
the limit of absolute zero of temperature. These high-mobil-
ity uniform electron gases or three-dimensional electron gas 
(3DEGs) are the best experimental approximation to the 
theoretical construct of jellium, and have exhibited a num-
ber of interesting properties in transport measurements.6 .7 

Grading of the band gap allows a wide range of densities to 
be achieved. Modulation doping results in high carrier mo-
bilities of these gases without low temperature carrier freeze-
out. 

These and other graded structures are often realized in the 
GaAsl Alx Gal _ xAs system, where there exists a nearly lin-
ear relationship between the AI, Ga l _ xAs energy band gap 

and Ai mole fraction x for x < 0.45. H Controned variation of 
x results in a corresponding controlled variation of the alloy 
band gap. The variation of x with depth in a thin film can 
itself be achieved in two ways. The Al flux can be changed 
during growth in a controlled manner by controlling the 
temperature of the Al oven in an MBE machine, in the pres-
ence of constant Ga and As fluxes. 9 We refer to the alloy 
obtained in this way as an analog alloy. One could alternate-
ly grow a superlattice with a constant period (sufficiently 
small to permit tunneling of electrons between the layers), 
each period being composed of two layers: GaAs and 
AlyGal yAs, where y is greater than or equal to the maxi-
mum Al mole fraction in the graded alloy. The duty cycle of 
the Aly Gal _ y As is varied in a controlled manner so that the 
average Al mole fraction follows the desired profile. 1O In 
other words, the Al beam is pulsed in controlled fashion by 
controlling the Al oven shutter in an MBE machine. We 
refer to the alloy obtained by the latter technique as a digital 
alloy. 

The actual profile of Al mole fraction versus depth ob-
tained is not easily measured directly. Its general shape is 
sometimes deduced from optical or electrical measurements 
on the resulting structures, 11 followed by a fitting of the data 
to calculations for the designed energy bandgap profile. 
These techniques are indirect at best. Techniques like sec-
ondary ion mass spectrometry (SIMS) have limited depth 
resolution, and are destructive besides. 

In the present work we present a method to calibrate de-
posited Al mole fraction versus depth before growth with a 
simple, reproducible technique having reasonably high reso-
lution and accuracy. The measurement is done in the MBE 
machine itself in a calibration run immediately prior to sam-
ple growth. If the variation from one measured run to an-
other is negligibly small, the measured profile can be reason-
ably assumed to be the actual profile grown. 

The Al flux can be measured by a beam flux monitor that 
consists of an ion gauge (Bayard-Alpert gauge in a Varian 
GEN II MBE system). The beam flux monitor gauge that is 
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The ion gauge measured profiles are representative of the 
grown profiles only if both Ga and Al have unity sticking 
coefficient at the growth conditions. This is a function of 
substrate temperature, beam fluxes, etc. 13 At substrate tem-
peratures above - 670"C and As stabilized growth condi-
tions, Ga re-evaporation will cause changes in both the layer 
thicknesses and the alloy composition, and therefore the al-
loy profile shape. An additional complication is that Ga re-
evaporation is a function of the Al flux. Under such condi-
tions, the graded-alloy profile is perhaps best measured by 
monitoring the desorbed Ga signal from the substrate during 
actual growth by a mass spectrometer mounted in one of the 
furnace ports with the analyzer having a line of sight view of 
the substrate. 14.15 

For our sample growth conditions (substrate tempera-
tures of - 580°C and As stabilized growth), the Ga and Al 
do have unity sticking coefficients. The growth rate of 
AIGaAs was measured by RED oscillations for a range of 
Ga and Al oven temperatures and was in all cases found to 
agree (within 1 %) with the sum of the GaAs and AlAs 
growth rates, under the above growth conditions. The ion 
gauge measured profiles are therefore expected to be the ac-
tual alloy profiles grown. 

This method can be used to calibrate the alloy grades of 
other ternary alloy films such as lnx Gal __ xAs and alloys 
with mixed group V clements such as GaAsx P I _ x and 
GaSbxAs l _ x. If the InGaAs alloy were grown as a strained 
digital alloy on a GaAs substrate, then the effect of lattice-
mismatch strain on cation incorporation rates I 6 at the actual 
growth conditions, would have to be taken into account to 
deduce the grown alloy profile from the ion gauge measured 
profile. The measurements would also be valuable in the 
growth of strained graded alloys with critical composition 
requirements to avoid misfit dislocations. 

For the alloys with the mixed group V elements, the com-
position of the alloy is controlled at low temperatures by 
limiting the amount of the element with the greater sticking 
coefficient and providing an excess of the more volatile spe-
cies. For example, the smaller As (the preferentially incor-
porated element) flux supplied to the GaAsx P I x surface 
to which an excess P (the more volatile element) flux is also 
supplied, will control the alloy fraction x. The ion-gauge 
measurement could be therefore done with the less volatile of 
the two group V elements. The higher vapor pressure of 
group V elements might complicate the measurement 
though. 

Since the currents measured are small (nA), the resolu-
tion of this measurement technique is ultimately limited by 
the resolution and speed of the picoammeter in this range. 
The overall accuracy of the actual graded alloy grown is still 
limited by the ± 3% accuracy of the measurement of GaAs 
and AlAs growth rates by the RED oscillation method. 

III. CONCLUSIONS 
In conclusion, we have presented a direct technique to 

measure graded AlxGal xAs alloy deposition profiles ver-
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sus depth with a high degree of precision. The beam flux 
monitor ion gauge measured profiles are obtained in a dum-
my run immediately prior to actual growth in an MBE ma-
chine. Both a variable Al oven temperature technique (ana-
log alloy) and a pulsed Al beam technique (digital alloy), 
have been applied to the case of a wide symmetric parabolic 
wen. A computer is used to ramp the furnace temperature or 
pulse the beam with sufficient fineness to produce a smooth 
alloy grade, as evidenced by the corresponding ion-gauge 
measurements. The digital-alloy technique is further seen to 
be the preferable technique where changes in Al mole frac-
tion versus depth are too rapid for the Al oven temperature 
to track precisely, and where reasonable growth rates are 
desired. Variations from run to run are small enough that 
one can use these measured profiles as a good indication of 
the actual graded Al mole fraction versus depth, grown. 

The method is applicable to measuring the aHoy grades of 
other III-V ternary alloys, especially where critical compo-
sition control is required to avoid misfit dislocations in the 
growth of strained graded alloys. 
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