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Differential negative resistance has been observed in the range 
0.5~1.2 kV/cm at 77 K in a two-dimensional electron gas formed at a 
modulation-doped AIGaAs/GaAs heterojuction interface. This differential 
negative resistance is attributed to the sudden onset of inter-subband 
scattering when electrons achieve sufficient energy from the electric 
field. 

Modulation-doped AIGaAs/GaAs 
heterojunctions have recently attracted a great 
deal of interest. They have much higher electron 
mobilities than bulk GaAs with similar 
free-electron densities[l]. The enhanced 
mobility is attributed to the spatial separation 
of electrons in the GaAs from their donors in 
the AIGaAs, which reduces the ionized impurity 
scattering rate. The electrons in the GaAs, 
transferred from their donors in the AIGaAs, are 
confined near the interface in a quasitriangular 
potential well formed by the bending of the 
energy bands in the GaAs. As these electrons are 
confined to a narrow space charge region, they 
behave essentially as a two-dimensional electron 
gas(2-DEG) and boundary quantization produces 
discerete electronic subbands[2]. 

Using the enhanced electron mobilities 
particularly at low temperature, fast 
field-effect transistors have been 
fabricated[3], operating at large electric 
fields where the mobility is less than its low 
field value[4,5,6]. While the reduction of 
mobility with applied electric field has been 
measured[4,5,6], and is thought to be due to 
polar optical phonon scattering, the detailed 
mechanism of this reduction is not fully 
understood. 

In this paper we report electric field 
dependence of current, electron mobility and 
sheet electron concentration in the 2-DEG formed 
at the AIGaAs/GaAs interface. We report 
differential negative resistance at low electric 
fields at 77 K, and discuss a possible mechanism 
for the effect. 

A modulation doped AIGaAs/GaAs single 
heterojunction structure was fabricated on a 
(001)-oriented Cr-doped semi-insulating GaAs 
substrate by molecular beam epitaxy. The 
structure was grown at 700°C and consisted of a 
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0 . 8  Hm thick undoped GaAs layer and a 0.13pm 
thick AI Ga. As (x=0.3) layer, doped with Si to 
a levelXofl~1018 cm -3, separated by II0 ~ of 
undoped Alx~a I As (x=0.3). A 600 ~ thick cap 
layer of n -~a~s was grown on the AI Ga. As 
layers for good ohmic contact formation, x ~-x 

The sample was photolithographically defined 
and etched into a 250 ~mxS0 ~m bridge-pattern 
with two current contacts and six potential 
probes. The ohmic contacts were formed by 
vacuum-evaporating Ge-Au-Ni and alloying at 
430°C in a hydrogen atmosphere for 2 min. 
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Fig. I 
Electron mobility and sheet electron 
cocentration vs. electric field curves at 
77 K(o,A) and 300 K(o,A). 
o,o indicate 7 ~sec pulse measurement. 
A,& indicate 300 nsec pulse measurement. 

The low electric field Hall mobility and 
sheet electron concentration were measured by 
conventional methods and their respective values 
in the dark were 54,000 cm2/Vsec and 
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3.9xi0 II cm -2 at 77 K and 6,100 cme/Vsec and 
7.1XlO II cm -2 at 300 K. The sheet electron 
concentration increases above 180 K due to some 
electrons remaining in the doped A1 Ga. As 

• X -X layer and current flows zn both layers at ~hese 
temperatures[7]. 

At 300 K, dc measurements were made up to 
an electric field of I V/cm. At higher fields, 
pulse measurements were used to avoid sample 
heating; 7 psec up to 500 V/cm and 300 nsec up 
to 2 kV/cm. At 77 K, pulse measurements were 
made at all electric fields; 7 psec up to 
300 V/cm and 300 nsec up to 4 kV/cm. 

Figure I shows electron mobility and sheet 
electron concentration vs. electric field. At 
77 K the electron mobility was constant until 
the electric field reached I00 V/cm when it 
began to decrease; similarly the sheet electron 
concentration was constant until I kV/cm above 
which it increased slowly. At 300 K the electron 
mobility remained constant over a wider electric 
field, decreasing above 1 kV/cm; the sheet 
electron concentration increasing at the same 
electric field as at 77 K. 

The current and drift velocity vs. electric 
field chracteristics are shown in Fig.2; the 
dashed line is the velocity curve and was 
calculated from Eq.(1), 

v = p ( E ) E  (1), 

where p(E) is the electron mobility; it is 
assumed that the Hall factor is 1.0. At 77 K, 
differential negative resistance and mobility 
were observed above 0.5 kV/cm in the current 
curve and the calculated drift velocity curve. 
The current increased again above 1.2 kV/cm. The 
peak velocity was 1.4xi0 ? cm/sec at 500 V/cm. At 
300 K the current saturated at 3 kV/cm and no 
differential negative resistance was observed. 

The threshold electric field of the 
differential negative resistance is below the 
expected threshold for 
real-space-electron-transfer and the Gunn 
effect. In the case of 
real-space-electron-transfer, an electron in the 
GaAs layer must be heated sufficiently to 
overcome the energy barrier(AE=0.3 eV) between 
A1 Ga. As (x=0.3) and GaAs; the expected 
threshold electric field is 2~3 kV/cm[8]. In 
the Gunn effect, the threshold electric field is 
reported to be 3~4 kV/cm[9]. While Keever et 
al[4] reported a new differential negative 
resistance in a modulation-doped AIGaAs/GaAs 
heterostructure in the range of 1~1.5 kV/cm, the 
physical mechanism of this process has not been 
explained. 

The physical properties of the 2-DEG 
confined at the AIGaAs/GaAs interface have been 
studied extensively. Pinczuk et al reported that 
the single-particle subband excitation can be 
observed by light scattering experiments and the 
energy difference between the ground state and 
first excited state in the electron subband, 
cOl, is reported to be about 20 meV[lO]. The 
dependence of the electron mobility on sheet 
electron concentration has been studied, and the 
mobility reduces suddenly due to the appearance 
of inter-subband scattering when the sheet 
e l e c t r o n  c o n c e n t r a t i o n  r e a c h e s  7 ~ x l O  11 cm - 2  a n d  
electrons begin to occupy higher 
subbands[ll,12,13]. As the state density of each 
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Fig. 2 
Electric field dependence of current at 
77 K(o,A) and 300 K(e,A), and calculated drift 
velocity( .... ). 
o,e indicate 7 psec pulse measurement. 
A,A indicate 300 nsec pulse measurement. 

2-DEG subband, D2(~), is 2.8xi0 TM cm-2meV -1 in 
GaAs[14], this threshold concentration indicates 
that the subband energy difference, ~oi, is 
24~32 meV. A measurement of electric field 
induced heating on a modulation-doped 
multi-quantum well structure shows that the 
electron temperature increases at very low 
electric fields and that polar optical phonon 
scattering is dominant in transferring energy 
from electrons to the lattice above an electron 
temperature of 40 K[15]. The effect of the rapid 
decrease in mobility, shown in Fig.l, has been 
explained elsewhere[6,15] in terms of hot 
electron interactions, although without 
quantitative agreement. 

Figure 3 shows the ratio of the mobility 
decrease and low electric field mobility. The 
electric field dependence of the mobility, p(E), 
obeys, in the warm electron region, Eq.(2)[16], 

p(E) = Po(l+~E 2) (2), 

where ~ is a function only of temperature and Po 
is low electric field electron mobility. We 
estimate the warm electron region to be between 
100 V/cm and 300 V/cm in Fig.3. In this region, 
the energy relaxation time, T~, is estimated 
from Eq.(3), 

To= ~kT (~IPo)(llr) (3), 

where r is the exponent of the energy dependence 
of the effective momentum relaxation time[16]. 
In our case at 77K, the exponent r is about -0.4 
because of dominant polar optical 
scattering[17], and ~ is -3.1×10 -6 cm2/V 2 . 
Substituting r,~ and Po, the energy relaxation 
time, ~ , in the warm electron region is 
calculated to be 1.4 psec. This value is thought 
to be nearly the same at the threshold electric 
field. The electrons are heated by the electric 
field and attain an electron temperature, Te, 
which is defined by Eq.(4)[16], 

ep(E)E21 s = ~k(Te-T) (4). 
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Fig.3 
Ratio of mobility decrease and low electric 
field mobility vs. electric field at 77 K. 
o indicate 7 psec pulse measurement. 
A indicate 300 nsec pulse measurement. 

This relation is valid in the 2-DEG system at 
77 K because of the isotropic interaction of 
phonon and ionized impurity. Substituting the 
value of p(E) and I_ appropriate at the onset of 
differential negatzve reslstance, the calculated 
electron temperature is 12.5 meV(145 K). As our 
sample has a sheet electron concentration of 
3.9xi011 cm -2, corresponding to a Fermi energy 
of 13.1 meV, the electron gas does not reach the 
higher subband. 

When the electron acquires sufficient 
energy to reach the higher subband, there is a 
sudden reduction of the electron 
mobility[ll,13]. In this reduction of electron 
mobility, elastic scattering, such as scattering 
by residual ionized impurities in the GaAs, 
plays an important role. Scattering by ionized 
impurities may be responsible for the reduction 
in the electron mobility of our sample to 
54,000 cm2/Vsec at 77 K. Since elastic 
scattering does not change the electron energy, 
the scattering rate reflects the step-function 
2-DEG state density and increases when electrons 
are able to reach the higher subband and elastic 
scattering between subbands can occur. This 
onset of inter-subband scattering causes the 
current reduction resulting in differential 
negative resistance. The differential negative 
resistance occurs when the electrons begin to 
reach the higher subband with the additional 
electron energy, 12.5 meV, due to the heating by 
the electric field. That is, the sum of the 
Fermi energy and electron temperature exceeds 
the subband energy difference, goz. 

The relation of the sheet electron 
concentration, n , and the threshold electric 
field can be foun~ from Eq.5, 
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Fig.4 
Calculated threshold electric field vs. sheet 
electron concentration characteristic using 
Fig.l. 

gol = gf + kT e (5), 

where gf is the Fermi energy and the electric 
field dependence of T can be calculated from 
Eq.4. In a 2-DEG syste~ the Fermi energy can be 
expressed by Eq.6[14], 

ef = kT In(exp(ns/(D2(e) kT) - I)) (6), 

and is 13.1 meV for our sample at 77 K. The n 
dependence of the threshold electric field~ 
calculated with the assumption that the subband 
energy difference, ¢o1 , is 26 meV and is 
independent of ns, is shown in Fig.4. The slope 
of the curve is approximately 300~800 V/cm per 
1.0Xl011 cm -2. The threshold electric field is 
very sensitive to the concentration, 
temperature, and subband energy difference. This 
sensitivity implies that negative differential 
resistance can only be observed under special 
condition and that threshold electric fields 
will vary from sample to sample. A similar 
mechanism has been studied in the voltage 
controlled differential negative resistance in 
Si HOS inversion layers which also exhibit 2-DEG 
properties[18,19]. 

At 300 K electrons remain in the AIGaAs 
layer and current flows both in the 
two-dimensional layer and the AIGaAs. The 
electron thermal energy exceeds the subband 
energy difference, and differential negative 
resistance is not observed. 

In conclusion, we report the observation of 
differential negative resistance caused by the 
sudden onset of inter-subband scattering in a 
2-DEG system at the AIGaAs/GaAs interface at 
77 K. The inter-subband scattering occurs when 
electrons achieve sufficient energy to be 
excited to the upper subband. We have discussed 
the threshold electric field of the differential 
negative resistance and calculated the 
dependence of the threshold electric field on 
the sheet electron concentration . 
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