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Abstract 

We fabricated InAlAs/lnGaAs metamorphic high electron mobility transistors (MHEMTs) with several 
indium contents. High-frequency performance of the MHEMTs was measured at high temperatures up 
to 473 K. By the delay time analysis, we have estimated saturation electron velocity. Temperature 
dependence of the saturation electron velocity for the MHEMTs with higher indium contents exhibits 
deviations from a theory. 

I. Introduction 

Metamorphic InGaAs devices grown on GaAs s u b  
strates, such as metamorphic high electron mobility 
transistors (MHEMTs), and metamorphic heterojunction 
bipolar transistors (MHBTs), are attractive candidates 
for micre and milli-meter wave low noise and power appli- 
cations as alternative to  lattice-matched InGaAs devices 
grown on InP. The metamorphic device technology offers 
the performance advantage of InP devices and the cost 
advantage of GaAs devices. Recently, the MHEMT tech- 
nology has been developed extensively to realize monm 
lithic microwave integrated circuits (MMICs), such as low 
noise MMICs[ 11, and optoelectronic integrated circuits[2] 
on GaAs substrates. They exhibited good performance to 
compete with that of InP HEMT technology, despite of 
the crystalline defects existing in the device layers. h r -  
thermore, the metamorphic device technology provides us 
a freedom of choice of indium content in the device desigm. 
For further development of the metamorphic device tech- 
nology, the studies on basic characteristics of the meta- 
morphic materials are important. 

In the present work, using In,Al1~,As/In,Gal-,As 
MHEMTs, we have carried out a study on high-frequency 
characteristics and saturation electron velocity a t  high 
temperatures up to 473 K.  The experiments were per- 
formed using MHEMTs with r=0.36, 0.43, 0.53, and lat- 
tice matched HEMTs (LMHEMTs, z=0.53) grown on an 
InP substrate to compare with the MHEMTs. 
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11. Material Characterization 

The MHEMT structures, as shown in Fig. 1, were 
grown on semi-insulating (001) GaAs substrates by molec- 
ular beam epitaxy. Following the undoped graded InAlAs 
metamorphic buffer layer[3], the device structure incor- 
porated a 200 nm undoped InAlAs layer, 15 nm undoped 
InGaAs channel, 6 nm undoped InAlAs spacer, Si delta- 
doping plane, 12 nm undoped InAlAs Schottky layer, and 
50 nm n+-InGaAs cap layer. The active layer of the 
LMHEMTs has the same structure. The indium content 
of InGaAs channel, the root mean square (RMS) surface 
roughness, dislocation density, and Hall measurement re- 
sults after reces etching are summarized in Table I .  The 
indium contents were precisely determined by photolu- 
minescence measurements taking into account quantized 
energy levels in the channels, and (004) and (115) X-ray 
diffraction measurements. In the metamorphic growth, 
surface with crosshatch is obtained. Figure 2 shows, as 
an example, the atomic force microscope (AFM) image of 
the MHEMT structure with indium content of 0.43. The 
RMS roughness or the MHEMTs is about -2-3 nm. How- 
ever, the roughness does not have negative eKects on our 
device fabrications. From plan-view transmission electron 
microscope (TEM) observation, as shown in Fig. 3(a), we 
have found rather high-density crystalline defects in the 
active layers, threading dislocations and stacking faults. 
The density was  typically on the order of lo8 cm-2, which 
is larger than that of the LMHEMTs by three orders of 
magnitude. Nevertheless, high electron mobility was ob- 
tained for the MHEMTs. This indicates that the defects 



. 
do not affect the electron velocity a t  low electric fields. 

It should be noted that the defect density cannot be 
estimated from crmssectional TEM observations, espe 
cially for the metamorphic malerials with defect density 
$108 cmp2[4]. By the cross-sectional TEM observation, 
as shown in Fig. Y(b), it seems BS if almost all dislocations 
were confined inside the buffer layer. We havc carried 
out plan-view TEM observation of metamorphic materi- 
als supplied by many epi-vendors. As a result, we have 
found that, even in the best case, the defects on the order 
of lo7 is observed in the active layer of tho meta- 
morphic materials. Although there are some reports on 
MHEMTs or MHBTs with low defect density s106 cmA2, 
we consider that these are underestimated results. 

S. I. GaAs substrate 

Fig. 1. The schematic c r o s  section of the MHEMT structure. 
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Fig. 2. 
MHEMT with indium content of 0.43. 

Atomic force microscope image of the surface of the 

Table I. Indium content of InGaAs channel z, root mean 
square roughness R, threading dislocation density D, room 
temperature Hall mobility p and sheet carrier density ns of 
LMHEMTs and MHEMTs. 

z 0.36 0.43 0.53 0.53/LM 

R 1.7 1.8 2.8 < 1.0 
[nml 
D 8.0 8.0 3.5 < 105 

[cm-'l x107 xi07  x10' 

y 8100 8900 10300 lOOD0 
lcm /vs1 

2.9 3.1 3.7 3.1 

Fig. 3. 
the MHEMT with indium content of 0.43. 

Plan-view (a) and cross-sectional (b) TEM image for 

111. Device Fabrication 

The device fabrication was started with isolation by 
wet etching. The T-gate structures with gate length of 
0.13-1.0 pm were realized by tri-layer resist process with 
electron-beam lithography. The gate length was pre- 
cisely measured by critical dimension scanning electron 
microscopy. The selective wet recess etching was per- 
formed using mixture of adipic acid, ammonia and hydre 
gen peroxide[5]. After the recess etching, Pt/Ti/Pt/Au 
wm deposited and lifted-off for the gate. Then alloyed 
Ni/AuGe/Au ohmic contacts were formed. Typically, the 
ohmic contact resistance was 0.35, 0.3, and 0.2 Qmm for 
z=0.36, 0.43, and 0.53, respectively. Finally, Ti/Au con- 
tact pads were formed. 
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W. Measurement and Analysis 

High-frequency performance of the MHEMTs and the 
LMHEMT was measured at  high temperatures ranging 
from 295 to 473 K. horn the gate length L, dependence 
of current gain cut-off frequency f~ at 295 K,  .LE x f~ 
of 23, 27, and 32 G b p m  is nhtained for the MHEMTs 
with z=0.36, 0.43, and 0.53, respectively[6]. The tem- 
perature dependence of L, x f~ is summarized in Fig. 4 .  
The LMHEMTs exhibit the same behavior as that of the 
MHEMTs with 2=0.53. When the devices were heated 
from 295 to 473 K,  they showed - 25% decrease in L, X ~ T .  

In order to investigate saturation electron velocity, we 
performed the delay time analysis[7]. Figure 5 shows the 
relationship between the total delay time 7 = 1/27rfT and 
the reciprocal drain current density 1 / 1 ~  a t  295 K ,  for the 
1 .O-pm-gatelength HEMTs with several indium contents. 
Saturation velocity transit time ~~~~~~i~ is obtained by the 
linear extrapolation of the total delay time at infinite ID .  
Figure 6 shows Lg dependence of Tiransit at 295 K, for 
the HEMTs with several indium contents. The satura- 
tion electron velocity w, at high electric fields 210 kV/cm 
is evaluated by the relation ~~~~~i~ = (L ,  -t- AL)/v,, 
where AL is considered the spread of the depletion layer 
at the source and drain end of the gate. By apply- 
ing the least-squares fitting to the data in the range of 
O.2pm < L, < 1.0 pm, v, of 1.8 x IO', 2.0 x lo', and 
2.5 x lo' cm/s is obtained for the MHEMTs with z =0.36, 
0.43, and 0.53, respectively. Figure 7 shows L, depen- 
dence of ~~~~~~i~ at  high temperatures up to 473 K ,  for the 
MHEMTs with 2 = 0.43. As shown in Fig. 7, the slope 
of the line increases with an increase in temperature ow- 
ing to  v, drop. Figure &shows temperature dependence 
of v,. We obtained the same temperature dependence far 
the LMHEMTs and the MHEMTs with s=0.53. This in- 
dicates that defects in the MHEMTs do  not affect the 
electron velocity a t  the high electric fields. The tempera- 
ture dependence of v, is theoretically given by 

I 

eE,,/kaT ~ 1 ''' 
v a a  ( eEop/kBT+ 1 ) ' 

where Eop is optical phonon energy, and lig is Boltzmann 
constant[S]. The solid curves in Fig. 8 are theoretical 
curves assuming EOp of 30 meV. However, at high tem- 
peratures, v, of the MHEMTs with higher indium con- 
tents exhibits deviations from theoretical values. When 
the devices were heated from 295 K to 473 K, t, x f~ 
and v, show the decreases as summarized in Table 11. For 
the MHEMTs with r=0.43 and 0.53, the decreasing rates 
of L,  x fT and v, are almost the same. Therefore, the 
reducing of the high-frequency performance at the high 
temperatures is mainly due to the drop in U , .  On the 
other hand, for the MHEMT with s=0.36, the decreasing 
rate of L, x f~ is larger than that of us. This can be ex- 
plained by the drop in mobility at the high temperatures. 
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Fig. 4. L,  x f~ (L,:gate length, fT:CUt-Off frequency) as a 
function of temperature T for the HEMTs with several in- 
dium contents. 
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Fig. 5. Total delay time T as a function of the reciprocal 
drain current density 1/10 at 295 K for the 1.0-pm-gate-length 
HEMTs. 
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Fig. 6. 
of gate length L, at 295 K.  

Saturation velocity transit time ~~~~~~i~ as a function 
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L ,  Cml 
Fig. 7. Saturation velocity transit time as a function 
of gate length L,  at high temperatures up to 473 K, for the 
MHEMTs with z=0.43. 
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Fig. 8. 
perature '2" for InGaAs with several indium contents. 
curves are calculated from the theory. 

Saturation velocity of electron vs as a function of tem- 
The 

Table it. 
temperature from 295 K to  473 K.  

The decrease in L, x ft and U, with an increase in 

X 0.36 0.43 0.53 0.53/LM 

decrease in 26 % 23 % 23 % 24 % 

decrease in 19 % 22 % 23% 22 % 
LE x fT 

% 

V. Summary 

High-frequency performance of InAlAs/InGaAs 
HEM'I's with several indium contents was measured 
at high temperatures up to 473 K. By the delay time 

analysis, we have estimated the saturation electron 
velocity. We have observed no difference between the 
LMHEMTs and the MHEMTs with z=0.53, despite of 
the defects in the active layer of the MKEMTs. The 
temperature dependence of measured saturation electron 
velocity for the MHEMTs with higher indium contents 
exhibits deviations from the theory. For the MHEMTs 
with z=0.43 and 0.53, the reducing of the high-frequency 
performance at high temperatures is explained by the 
drop in the saturation electron velocity. 
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