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一、摘要：
本計畫特別針對變晶式高電子遷移率電
晶體的夾止漏電流特性，探討分子束磊晶成
長的溫度、成長速率、與 V/III 比所造成的影
響。我們以多種的分析技術測試磊晶材料的
特性，包括光致激光、原子力顯微鏡、X 光
倒晶格映像、Hall 量測以及變晶式緩衝層電
流-電壓特性曲線等。最後磊晶成長並製作完
成電晶體元件，gm 值為 340 mS/mm，優異的
夾止特性使得 ION/IOFF 比值達到 106。
This proposal has been aimed at exploring
the effects of the MBE growth conditions,
including growth temperature, growth rate and
V/III ratio, on the pinch-off leakage
characteristics
of
mHEMTs.
Various
measurement technologies, including PL, AFM,
x-ray RSM, Hall measurement, and I-V
characteristics of the metamorphic buffer layer,
have been used to characterize the epitaxial
materials. Finally the mHEMT epi wafer has
been grown and fabricated into devices. Results
show gm of 340 mS/mm and excellent pinch-off
characteristics which gives a ION/IOFF ratio as
high as 106.

cellent high-frequency and low-noise performances inherent in InP-based HEMTs with the
lower cost, larger wafer size, less fragility, and
more mature processing of GaAs substrates.
Besides, the indium composition of the InGaAs
channel material can be freely chosen to meet
the specific requirements of high-speed operation or high breakdown characteristics [4-6].
The pinch-off leakage denotes the minimum
current conducted in a HEMT device which is
operated at the subthreshold regime. It is one of
the most important HEMT device parameters,
since it represents how perfectly the HEMT device stays at the OFF state. High pinch-off
leakage can cause harmonic distortion and noise
in a high-speed low-power RF circuit. The
pinch-off leakage can be affected by several
factors, including the transistor structure, device
processing, and epitaxial quality. On the
epi-growth side, the metamorphic buffer layer
(MBL), which is needed to accommodate the
dislocations caused by the lattice mismatch
between GaAs and InAlAs, plays a crucial role
in obtaining high quality mHEMT epitaxy.
三、研究目的：

(x-ray reciprocal space mapping; x-ray RSM)

In this project, we plan to examine the influence of the MBL growth conditions (temperature, growth rate, and V/III ratio) on the
epilayer quality using optical microscopy (OM),
photoluminescence (PL), atomic force microscopy (AFM), Hall mobility, x-ray reciprocal
space mapping (RSM), and I-V leakage test of a
buffer structure. Adopting the optimal growth
conditions, we fabricate InAlAs/InGaAs
mHEMT devices with excellent pinch-off characteristics.

二、前言：

四、研究方法：

InAlAs/InGaAs metamorphic high electron
mobility transistors (mHEMTs) on GaAs substrates have attracted much attention recently
[1-3] because this technology combines the ex-

For the implementation of this project, some
epi structures have been designed and grown by
solid-source molecular beam epitaxy (MBE) on
(100)-oriented semi-insulating GaAs substrates.

關鍵詞：
變晶式高電子遷移率電晶體
(metamorhpic high-electron mobility transistor;
mHEMT)
夾止漏電流
(pinch-off leakage)
分子束磊晶成長
(molecular beam epitaxy; MBE)
X 光倒晶格映像

mentioned 1-μm InxAl1-xAs MBL and 300-nm
buffer
layer,
a
15-nm
In0.52Al0.48As
In0.53Ga0.47As
channel
layer,
a
5-nm
In0.52Al0.48As spacer layer, a Si delta doping
layer, a 10-nm In0.52Al0.48As Schottky layer, and
a 20-nm Si-doped In0.53Ga0.47As cap layer, all
grown at 500 oC. The capless mHEMT structure
for Hall measurement is the same as the full
mHEMT device structure except that the cap
layer is only 5 nm thick. In addition to the
temperature effect, two different growth rates
(0.7 μm/hr and 1 μm/hr) and various V/III
ratios have also been tested.
The MBL test structure was characterized
by several techniques, including OM, PL, AFM,
and buffer leakage test. For the buffer leakage
test, Ni/Ge/Au was deposited and annealed for
ohmic contacts of two probe electrodes, and the
distance between these two contacts was 150
μm. Hall measurement was employed to check
mobility and carrier concentration of the capless
mHEMT structure. X-ray RSM has also been
performed for the mHEMT device structure.
As for device fabrication, conventional
photolithography, liftoff, and annealing were
employed. H3PO4/H2O2/H2O solution was used
for mesa etching. Ni/Ge/Au was used for source
and drain ohmic contacts. Selective gate
recessing was performed using the succinic
acid-based solution, and Au was used as the
gate metal. The gate length and width were 1.1

μm and 110 μm, respectively, and the
source-to-drain space was 5 μm.
五、結果與討論：
Fig. 1 shows the OM surface morphology of
the epiwafers with the InxAl1-xAs MBL grown
at 380 oC (left) and at other higher temperatures
(right). Too low temperatures (less than 380 oC)
give rise to a amorphous-like surface, while
cross-hatching surface caused by lattice mismatch can be seen for other higher temperatures.

Fig. 1 Surface morphology of the epiwafers
for the MBL grown at 380 oC (left) and other
higher temperatures (right) .
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The MBL test structure consists of a 1-μm
inverse-step linearly-graded InxAl1-xAs MBL
with the indium content varying from 0.01 to
0.62, followed by a 300-nm In0.52Al0.48As buffer
layer and a 2-nm In0.53Ga0.47As cap layer.
Different growth temperatures (380, 400, 420,
and 440 oC) were used for the InxAl1-xAs MBL
in different samples, while the growth
temperature for both the In0.52Al0.48As buffer
layer and the In0.53Ga0.47As cap layer was kept
at around 500 oC. The mHEMT device structure
additionally includes, upon the above
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Fig. 2 PL intensity for various MBL growth
temperatures
A triangular quantum well is formed at the
interface of the upper end of the metamorphic
InAlAs layer (where the indium content reaches
0.62) and the lower end of the 300-nm
In0.52Al0.48As buffer. The PL intensities from
this triangular well and the In0.52Al0.48As buffer
layer for different MBL growth temperature are
shown in Fig. 2. It’s noticed that the PL from

the contact electrodes separated by 150 μm).
It’s found that the buffer leakage varies greatly.
The MBL growth temperature of 400 oC gives
the lowest buffer leakage current, while 380 oC
causes the leakage dramatically high.
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Fig. 4 Hall mobility obtained for samples with
MBL grown at different temperatures.
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Fig. 3 Dependences of AFM RMS roughness
and buffer leakage on the MBL growth temperature.

different growth rates (0.7 μm/hr and 1 μm/hr).
It’s clearly seen that a lower growth rate leads
to a higher mobility, as shown in Fig. 5.
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The mobility as a function of the 2DEG
concentration reveals different results for two
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ples are about 3×1012 cm-2. The amorphous-like
sample shows a very poor mobility. The results
of buffer leakage and Hall mobility indicate the
best MBL growth temperature of 400 oC in this
work for the growth of high-speed and
low-leakage mHEMTs.
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the triangular well has higher intensity than that
from the bulk In0.52Al0.48As buffer layer, presumably due to the quantum confinement effect.
The PL has the maximum intensity at the
growth temperature of 400 oC. For higher temperatures, the PL intensity weakens although
the OM surface morphology shows no observable difference.
AFM
data
indicate
the
smallest
root-mean-square (RMS) surface roughness of
about 3.3 nm for the MBL growth temperature
at 400 oC, as shown in Fig. 3 (solid square). The
amorphous-like surface for MBL growth temperature at 380 oC has the highest RMS roughness of 5.3 nm. Fig. 3 (solid triangle) also
shows the buffer leakage current estimated on
the MBL test structure. The leakage current is
defined at the applied voltage of 10 volt (across
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For the mHEMT structure, the dependence
of mobility on the MBL growth temperature is
shown in Fig. 4. We can see that the mHEMT
structures grown with the MBL growth temperature above (including) 400 oC exhibit simi-
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Fig. 5 Hall mobility as a function of the 2DEG
concentration for different MBL growth rates.
Fig. 6 shows the pinch-off leakage of the

techniques. Experimental results indicate that
the best MBL growth temperature to achieve
as-low-as-possible leakage is about 20 oC
higher than a specific temperature point where
the epiwafer commences showing an
amorphous-like surface. For higher MBL
growth temperatures, the buffer
leakage
performance can be degraded, even though Hall
mobility keeps uninfluenced. Besides, a lower
growth rate leads to high mobility. mHEMT
devices with low pinch-off leakage has also
been demonstrated. X-ray RSM measurement
has ben performed for the mHEMT epi material
to check the scenario of the In composition
distribution.

Ipinch-off (nA/mm)

mHEMT devices with different V/III ratios
used for MBL growth. We can see that a lower
V/III ratio tends to give lower pinch-off leakage.
However, if the V/III ratio is too low, the arsenic supply becomes insufficient, resulting in
group III-rich growth and amorphous material.
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Fig. 6 mHEMT device pinch-off leakage for
different MBL V/III ratio.
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六、結論：
The influence of the MBL growth
conditions on the epilayer quality of
metamorphic heterostructures and mHEMT has
been investigated using various characterization
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Fig. 7 Typical I-V (upper) and transfer (lower)
characteristics of the mHEMTs with MBL
grown at optimal growth conditions.
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ground is due to the 1 μm-thick MBL which has
the indium composition varying from 0.01 to
0.62.
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Typical current-voltage (I-V) and transfer
characteristics of the mHEMT devices grown
with optimal growth conditions are presented in
Fig. 7. The device shows a maximum extrinsic
transconductance (gm) of 340 mS/mm. The ratio
of ION/IOFF is as high as 106, indicating a very
good pinch-off characteristics.
X-ray reciprocal space mapping (RSM) has
been performed for the mHEMT epi material,
as shown in Fig. 8. The sharpest and most intense peak is from the GaAs substrate, while a
broader, not-as-intense bump corresponds to the
upon-MBL In0.52Al0.48As/In0.53Ga0.47As HEMT
device structure. A wide, plateau-like back-
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Fig. 8

X-ray RSM of the mHEMT epi material.
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八、成果自評：
We have performed about 85% of the
project progress that we planned in the beginng.
The items we have finished include:
-- Calibration of the MBE growth parameters.
-- Optimizing the MBL growth conditons.
-- mHEMT epi wafer growth.
-- Characterization of epi wafers and devices.
-- Low pinch-off leakage mHEMT fabrication.
However, some hardware troubles in the
optical instrument system delayed the
measurement of the opto-detection response of
the mHEMT devices, making us unable to
complete this item before the deadline of the
tight project schedule. We will continue the
optical measurement in the on-going NSC
project that has already been granted.

