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A series of metamorphic high electron mobility transistors (MMHEMTs) with different V/III flux ratios are grown

on GaAs (001) substrates by molecular beam epitaxy (MBE). The samples are analysed by using atomic force microscopy

(AFM), Hall measurement, and low temperature photoluminescence (PL). The optimum V/III ratio in a range from 15
to 60 for the growth of MMHEMTS is found to be around 40. At this ratio, the root mean square (RMS) roughness of the
material is only 2.02 nm; a room-temperature mobility and a sheet electron density are obtained to be 10610.0cm? /(V-s)

and 3.26x10%2cm ™2 respectively. These results are equivalent to those obtained for the same structure grown on InP

substrate. There are two peaks in the PL spectrum of the structure, corresponding to two sub-energy levels of the

Ing.53Gag.47As quantum well. It is found that the photoluminescence intensities of the two peaks vary with the V/III

ratio, for which the reasons are discussed.
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1. Introduction

In the field of high electron mobility transistors
(HEMTS), In0,52A10,48As/ In0,53Ga0,47As HEMTSs on
InP substrates are attractive devices for high-speed,
low-voltage power amplifier applications.!? However,
InP substrates are more expensive, fragile, avail-
able only in smaller sizes, and processing technol-
ogy less mature than that for GaAs. Therefore, In-
AlAs/InGaAs devices employing GaAs as substrates,
called metamorphic HEMTs (MMHEMTs), have
emerged. Ings0Alp48As/In,Gay_,As MMHEMT de-
vices for high-speed digital and microwave applica-
tions have aroused much interest both in their po-
tential device applications and in their fundamen-
The study on MMHEMTSs has focused
on finding higher conduction-band discontinuities be-

tal physics.

tween InAlAs barrier and InGaAs well layers and a
narrower band gap in the InGaAs channel to im-
prove both the sheet carrier density ng and mobility
1.3~ However, as an important factor during molec-
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ular beam epitaxy (MBE), the effects of the V/III
ratio on the photoluminescence and structural prop-
erties of MMHEMTSs are still unaddressed in the liter-
ature. In the present study, a series of Ing 52Alp 4gAs/
Ing 53Gag.47As MMHEMTSs are grown under various
V/III flux ratios on GaAs (001) substrates by MBE.
Hall measurement, AFM, and low temperature PL are
used to characterize the material, electrical, and opti-
cal properties of the MMHEMTs.

2. Experimental procedure

The schematic of a single d-doping In-
GaAs/InAlAs MMHEMT structure is shown in
Fig.1. The samples were grown by MBE on n-type
GaAs(100) substrates by using an EPI GEN-II MBE
system. Prior to the growth, surface oxide desorp-
tion was carried out under As; flux of 6.7x1073Pa
beam equivalent pressure. The surface oxide was des-
orbed by slowly ramping up the substrate temperature
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until the reflection high energy electron diffraction
(RHEED) pattern showed an abrupt transformation
to a 2x4 surface reconstruction. This surface recon-
struction was adopted as a means for calibrating the
substrate temperature, which was measured by us-
ing an infrared pyrometer with a suitable wavelength
sensitivity. To ensure a smooth surface for epitaxial
growth, an undoped GaAs buffer layer of about 80nm
in thickness was first grown at a substrate temperature
of 580°C. Then the substrate temperature was lowered
to 340°C to grow the step-graded InyAl;_,As buffer
layers. The indium compositional gradient of the
five step-graded InAlAs buffer layers was about 10%
and each step of InyAl;_,As is 100nm thick. At this
growth temperature, 2D growth could be maintained.
Then a 100nm thick Ing s2Alp 4gAs layer was grown
at 480°C, followed by a 14nm thick Ing53Gag.47As
channel layer, a 10nm thick Ings0Alg4sAs spacer
layer, a Si d-doping of 4x10'2cm~2, a 36nm thick
undoped Ing 52Alp 45As layer, and a 20 nm thick un-
doped Ing 53Gag.47As cap layer. The growth rates of
Ing 53Gag.47As and Ings0Alp.4sAs both were about
0.9pum/h. The V/III ratios varied from 15 to 60.

Ing.53Gag.47As cap layer 20nm
Ing.52Al0.48As 36nm
Si §-doping
Ing.52Alo.48As spacer 10nm
Ing.53Gag.47As channel 14nm
Ing.52Alo.48As 100nm
Ing.52Al0.48As 100nm
Ing.40Alo.60As 100nm
Ing.30Alo.70As 100nm
Ing.20Alo.goAs 100nm
Ing.10Alo.90As 100nm
GaAs buffer 80nm
Semi-insulating GaAs substrate

Fig.1. Schematic cross section of the InGaAs/InAlAs
metamorphic HEMT studied in this work.

We determined the V/III ratio from the following
equation to bell

Jv/Jm = (Py I/ PmIv) v/ (Tv M /Tin My,

where Py and Pppp are the ionization gauge readings;
Iy and Iy11 are the ionization cross-sections; My and

My are the molecular weights of the beam species;
and Ty and Ty are the temperatures of the species in
the molecular beams (in Kelvin), which are taken to
be the same as the source temperatures.

The MMHEMT samples with different V/III ra-
tios were characterized by several techniques. Room
temperature Hall measurement was carried out to ob-
tain 2DEG density and mobility by using the van der
Pauw-Hall method. The surface morphology of the
samples was characterized by contact mode AFM. The
PL measurements were obtained with a Fourier trans-
form spectrometer and Ge detector. The samples were
cooled down to 77K by liquid N9 and excited with the
514.5nm line of an Ar™ laser in a low-intensity limit
(a few tens mW /cm?).

3. Results and discussion

3.1. Hall measurements

Table 1 gives the Hall measurement results of the
samples with different V/III ratios. It can be seen that
the electron concentration is very large but the mobil-
ity is only 39.0cm?/(V-s) in sample A (with a V/III ra-
tio of 15). The reason may be that the excessively low
V/III ratio may cause the decrease of the surface mi-
gration length of Asy molecules and so lead to the lo-
cal metallization of group III in the epitaxial layers.[®]
With the V/III ratio increasing from 30 to 40, the
electron concentration increases from 2.81x102cm 2
to around 3.26x10'2cm ™2 while the electron mobility
first increases and then decreases. This indicates that
increasing the V/III ratio from 30 to 40 can improve
the crystal quality of the material, and so increase
the electron concentration and the electron mobility.
Sample C was grown at a V/III ratio of 40, and it has a
room-temperature mobility of 10610.0cm?/(V-s) and
a sheet electron density of 3.26x10'2cm~2. These re-
sults are equivalent to those obtained from the sample
with the same structure grown on an InP substrate.
However, with V/III ratio further increasing from 40
to 60, the disorder degree in the material increases,
i.e. more random distributions of Al, Ga and In on the
group III sublattice have formed.[®! Thus the electron
mobility of the 2DEG in the channel layer is reduced
by the effect of the increase in the disorder degree of
the material.
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Table 1. Room temperature Hall measurement re-
sults of the samples with different V/III ratios.

V/III  electron concentration electron mobility
sample
ratio /(x102cm—2) p/(cm2/(V-s))
A 15 3.46x10° 39.0
B 30 2.81 8709.0
C 40 3.26 10610.0
D 50 3.24 8804.0
B 60 3.35 8482.0

On the other hand, at room temperature, remote
ionized impurity scattering is not a dominant scatter-
ing mechanism. The polar optical phonon scattering,
acoustic phonon scattering, alloy disorder scattering,
and interface roughness scattering become the main
scattering mechanisms that influence the electron mo-
bility of the 2DEG.1%11] The latter two are major fac-
tors related to the growth process. Comprehensively
looking at the later AFM surface roughness measure-
ments in Fig.2, we can find that at the beginning as
the V/III ratio increases from 30 to 40, the crystal
quality is improved, so the alloy disorder scattering
and the interface roughness scattering decrease and

the electron mobility increases. As the V/III ratio fur-
ther increases from 40 to 60, the crystal quality and
the roughness turn worse, causing its influence on the
alloy disorder scattering and the interface roughness
scattering to increase, and thus the electron mobility
decreases.

3.2. AFM surface measurements

The morphological properties of the surface for
samples A, B, C and D were investigated by AFM.
Figure 2 shows the surface morphology recorded on
a bumxbum area for the MMHEMTs with different
V/II flux ratios.
generated by the semi periodic roughness in the [110]

A typical cross-hatch pattern is

and [1-10] in-plane directions except in sample A. The
cross-hatch is triggered by the continual introduction
of strain and consequent relaxation by the nucleation
of 60° misfit dislocations from the graded In;Al;_,As
buffer layer.'2l The strain relaxation occurs due to
the formation of 60° misfit dislocations parallel to the
[1-10] (« dislocations) and [110] directions (8 disloca-
tions).
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Fig.2. AFM surface morphologies of samples A(a), B(c), C(d), D(e) and section scans of the

surface structure of sample A (b).
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From Fig 2(a), we observe an island structure on
the surface of sample A rather than the typical cross-
hatch pattern. Using the sectional analysis mode of
the AFM micrograph, one can determine the surface
profiles near the island region (Fig.2(b)). The height
and depth of the island are respectively about 80nm
and 50nm with a lateral dimension of about 2um. The
SEM-EDS (scanning electron microscope—energy dis-
persive x-ray spectrometry) analysis indicates that the
components of the island defects are nearly the same
as those in the other regions, so the island defects
are not caused by element deposition. This different
surface morphology suggests that under a V/III ra-
tio of 15 in sample A, the crystal quality is bad and
the misfit stress during the buffer layer growth relaxes
through the island defects rather than the cross-hatch
structure.

20

16\

T

Root mean square roughness/nm
T

V/III ratio

Fig.3. The surface RMS of the samples with different
V/III ratios.

From Fig.3, when the V/III ratio increases to 30
in sample B, the surface turns smoothed and reaches
an RMS roughness of 2.89nm. Sample C, grown at a
V/III ratio of 40, has the smoothest surface morphol-
ogy with a root mean square (RMS) roughness of 2.02
nm. This indicates that the increasing of the V/III
ratio can modify the surface morphology. This mod-
ification of the surface reveals a correlation by which
changing the V/III ratio can change the percentage
of surface covered by As atoms that directly affect
the surface structures of material in the MBE growth
process.[13] At an appropriate As pressure, (2x4) sur-
face structures will occur, of which the 3 (2x4) sur-
face structure is most stable.l" From Figs.2(c) and
2(d), we can see that sample C has the highest surface
roughness, which indicates that in our experimental
conditions, when the V/III ratio is around 40, the sur-
face structures are 3 (2x4) surface structures. How-

ever, from Fig.3, with arsenic pressure further increas-
ing, the surface roughnesses of the samples become
worse in samples D and E because the increasing of
the V/III ratio destroys the surface structure.

3.3. PL measurements

PL spectroscopy is a powerful tool for investigat-
ing the quality of a heterostructure. The 77K PL spec-
tra of the samples are shown in Fig.4. Two transition
peaks can be observed for samples in a photon en-
ergy range of 0.6-1.1eV. The higher energy peak in the
PL spectra belongs to the transition from the second
electron subband to the first heavy-hole subband (ez-
hh,), and the lower energy peak belongs to the transi-
tion from the first electron subband to the first heavy-
hole subband (e2-hh;) in the Ing 53Gag.47As quantum
well.[1%]

0.008
------ sample B
0.006 — sample C
----sample D
0.004

0.002

PL intensity/arb. units

Photon energy/eV

Fig.4. 77K PL spectra of the samples with different V /111
ratios.

The results and calculations of many devices have
shown that the peak intensity is governed by the wave
function overlap between the two electron wave func-
tions in the quantum well and that the ratio between
intensities of the two transitions in the PL spectra can
reflect the built-in electric field at the InAlAs/InGaAs
interface, which is correlated with the electron trans-
fer efficiency.['8) When the ratio is larger than 2, the
electron transfer efficiency is high and the correspond-
ing device results are good.[®16] From Fig.4, it can be
seen that the photoluminescence intensities of the two
peaks vary with V/III ratio. The V/III ratio affects
the PL property though changing the crystal quality
during the MBE growth. The intensity ratio between
the two peaks is only 0.69 in sample B. In sample C
with a V/III ratio of 40, the intensity of the peak is
strongest and the two peak intensity ratio is 2.12. In
sample D with a V/III ratio of 50, the intensity ra-
tio between the two peaks is 2.17, but the intensity
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of the peak is not larger than that of sample C. Note
that when the V/III ratio is 40 in sample C, the trans-
fer efficiency of the electron from the §-doped InAlAs
layer to the InGaAs channel is high and the built-in
electric field at the Ings53Gag.47As/Ing 50Alp 58As in-
terface is strong.'” The strong built-in electric field
causes more electrons to reside in the second electron
subband (e2), so the intensity of the ep-hh; transition
is high and that of the e;-hh; transition is low. Be-
cause the mobility of the electrons in the second elec-
tron subband (ez2) is higher than in the first electron
subband (e;) energy state,['8720 the sample C has
the highest electron mobility. From the Hall measure-
ment, we can also find the same conclusion. Therefore
sample C has the best V/III ratio.

4. Conclusions

In this paper, we report the effect of V/III ratio
on the properties of MMHEMT structures grown on

GaAs (001) substrates by MBE. The samples are anal-
ysed by using AFM, Hall measurement, and low tem-
perature PL. In a range of 15-60, the optimum V/III
ratio for the growth of MMHEMT structures is found
to be around 40. At this ratio, the material has the fol-
lowing properties: a RMS roughness of only 2.02nm; a
room-temperature mobility of 10610.0cm?/(V-s); and
a sheet electron density of 3.26x10'2cm~2. There
are tow peaks in the PL spectrum of the structure,
which is corresponding to two sub-energy levels of the
Ing 53Gag.a7(A-s) quantum well, and their intensities
vary with V/IIT ratio. When the V/III ratio is 40,
the intensities of the peaks are strongest and the ra-
tio between two peak intensities is large than 2. This
indicates that under this V/III ratio, the built-in elec-
tric field at the Ings3Gag.a7As/Ing 52Alp 58As inter-
face is strong. The majority of the electrons populate
in the second electron subband (ez) which makes the
MMHEMT material have a high electron mobility.
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