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Abstract- We present measurements on impact ionization ef- 
fects, real space transfer of holes and electrons, and light emission 
occurring in n-channel InAlAdInGaAs heterostructure Field- 
Effect ”istors based on InP operated at high electric fields 
and at different temperatures. The channel electrons heated 
by the lateral electric field give rise to impact ionization and 
light emission. By comparing the electrical characteristics and 
the integrated light intensity in merent energy ranges and 
at different temperatures, we were able to identify two main 
different light emission mechanisms: conduction to conduction- 
band transitions for low energy photons and conduction to 
valence-band transitions for high energy photons. The correlation 
between the gate current and the light intensity allowed us to 
separately evaluate the electron and hole components of the gate 
current. 

I. INTRODUCTION 
N RECENT years InAlAsDnGaAs Heterostructure Field- I Effect Transistors, HFET’s, based on InP have become of 

great interest in the field of ultra-high frequency microwave 
applications, owing to several advantages of this heterostruc- 
ture system such as a high electron velocity and a high room- 
temperature mobility [ 11. In addition the conduction-band 
discontinuity in InAlAsnnGaAs is 0.5 eV providing excellent 
confinement for the electrons [2]. Indeed InAlAsnnGaAs 
E T ’ S  have demonstrated excellent performance [3]. 

However, due to the narrow bandgap InGaAs channel, 
impact ionization in InAlAsanGaAs HFET’s is a limiting 
factor for the power handling capability of these devices, 
even under normal operating conditions [4]-[9]. Therefore, a 
detailed physical understanding of impact-ionization and of the 
behavior of the enormous number of holes that are generated 
in InGaAs channels is crucial to developing guidelines for de- 
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signing high-performance devices. Gate current measurements 
and electroluminescence spectra have been widely adopted to 
evaluate hot-electron effects and impact-ionization in GaAs- 
based MESFET’s and HEMT’s [lo], [ll],  but no agreement 
has been found as of the origin of the different spectral 
components of the emitted radiation. No work has been 
presented, up to now, in InGaAs-based HFET’s. 

The aim of this paper is to show that in InAlAsnnGaAs 
HFET’s the channel electrons heated by the lateral electric 
field give rise to impact ionization and light emission. We 
find that the gate current at room temperature is strongly 
influenced by Real Space Transfer (RST) of both hot holes 
and electrons across the InAlAs barrier. At low temperatures 
(7’ = 173 K) and at high drain voltages, VDS, the gate current, 
IG, is dominated by hot hole collection up to positive VGS. By 
comparing the electrical characteristics and the integrated light 
intensity, in the 1.1-1.25 eV and 2.0-2.5 eV energy ranges, we 
are able to identify two different light emission processes. The 
main emission mechanism in the low energy range is due to 
conduction-conduction-band transitions, while the high energy 
range is due to conduction-valence band recombination. This 
work provides great insight to the physics of hot carriers in 
InAlAsnnGaAs HFET’s. 

11. SAMPLES 

Samples used in the present work are n-channel, normally 
on InAlAs/n+-InGaAs HFET’s grown on a semi-insulating 
InP [12], followed by a 1000 8, In0.52A10.48As buffer, a 75 
8, Ino.53Gao.47As subchannel, a 100 8, n+-Ino.53Gao.47As 
Si-doped channel (Ns; = 6 x 10” cmF3), a 300 8, 
Ino.41Alo.59As strained insulator, and a 50 8, Ino.53Gao.47As 
cap layer. A schematic cross section of the device and the 
equilibrium energy band diagram are shown in Fig. 1. All 
measurements were carried out on samples having nominal 
gate lengths of 1 pm, widths of 30 pm, gate-source and 
gate-drain distances of 2 pm. 

111. ELECTRICAL CHARACTERIZATION 

Fig. 2(a) shows the typical drain current, Io,  characteristics 
as a function of the drain voltage up to VDS = 5 V for 
positive and negative gate voltages (-0.6 V < VGS < 0.9 
V) measured at T = 300 K. Well-behaved characteristics have 
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Fig. 2. (a) Device output characteristics as a function of VDS for positive 
and negative VGS measured at T = 300 K. (b) IG as a function of VDS for 
negative gate voltages measured at T = 300 K. (c) For positive gate voltages 
measured at T = 300 K. Fig. 2(b) also shows as dashed line the leakage 
current of gate-drain junction IGDO. 

been obtained. For negative gate voltages changing from -0.8 
V to 0 V, a strong increase in the negative gate current with 
VGS and VDS is observed at VDS > 2.5 V, corresponding 
to high electric field conditions in the channel, as shown in 
Fig. 2(b). Furthermore, the negative gate current reaches a 
maximum when V& = 0 V and then decreases by increasing 
the gate voltage toward negative values. This increase in the 
negative gate current is due to the Real Space Transfer (RST) 
and collection of holes generated by impact ionization at the 
drain end of the channel, where the maximum electric field 
occurs. Fig. 2(b) also shows the leakage current of the gate- 
drain Schottky junction, IGDO, measured by keeping the source 
floating, which results to be negligible in comparison with IG. 

At high drain voltages with T = 300 K and when the gate 
voltage is increased over VGS = 0 V, the absolute value of IG 

0 1 2 3 4 5  
DRAIN BIAS, V, (v) 

Fig. 3. (a) Device output characteristics as a function of V,, for positive 
and negative VGS measured at T = 173 K. (b) IG as a function of VDS 
for negative VGS measured at T = 173 K. (c) For positive VGS measured 
at T = 173 K. In Fig. 2(a) the curve IGDO and IG for VGS = -0.8 V are 
superimposed. 

decreases, IG changes its polarity and becomes positive for 
VGS > 0.6 V, as shown in Fig. 2(c). For VGS > 0.6 V and 
drain voltages higher than a certain onset voltage, VDS = 1.3 
V, a dramatic increase in the positive gate current is observed, 
followed by a saturation at about VDS = 2.4 V. This has been 
explained in terms of the RST of electrons from the source 
end of the channel to the gate, as already reported by Bahl 
et al. [12]. 

Fig. 3(a) shows similar characteristics to those of Fig. 2 
at T = 173 K. By comparing the electrical characteristics 
measured at low and at room temperature, respectively, we 
notice in the linear regime a smaller slope in the Io versus VDS 
characteristics. This indicates an increased linear resistance 
RON between the drain and source for low temperatures. For 
Vis = 0 V, the resistance RON increases from 166 R to 
193 R by lowering the temperature from T = 300 K to 
173 K. Moreover, at low temperature a slightly larger output 
conductance is evident with respect to the high temperature 
data. 

Furthermore, as shown in Figs. 2(b) and 3(b), at T = 173 
K for negative VGS, a remarkable increase by approximately a 
factor of 5 in the negative gate current, which is dominated by 
the RST of holes, is observed with respect to the one measured 
at T = 300 K. This effect is mainly explained by the reduction 
in electron-phonon scattering resulting in an increased ioniza- 
tion rate and hole generation at low temperatures, as commonly 
observed in many semiconductors [ 131, [ 141. The leakage due 
to the gate channel Schottky junction is negligible, IGDO z 10 
nA, as well as the gate current in pinch-off conditions. 

Fig. 3(c) shows the corresponding gate current for positive 
VGS at T = 173 K. A much larger negative gate current (due 
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to collection of holes) is observed in comparison with room 
temperature characteristics (see Fig. 2(c)). The maximum IG 
now occurs at V i s  = 0.2 V instead of 0 V at room temperature. 
On the contrary, RST of electrons decreases. At VGS = 0.9 
V the positive IG is 3-4 times lower than that at room 
temperature. At high VDS > 3 V, even with VGS larger than 
0.8 V, the contribution of impact-ionized holes is relevant 
and IG decreases instead of saturating as it occured at room 
temperature (see Fig. 2(c)). 

At low temperature, one would expect an increase of the 
electron RST due to the increase of the mean-free path and 
energy gain, respectively, of the electrons [13], [14], which is 
in contradiction to our experimental result. A similar decrease 
of electron RST was also observed by Mastrapasqua et al. [ 151 
in CHarge INjection Transistors (CHINT) and was explained 
by an increase of the barrier height due to an increased 
contact resistance at low temperature. As mentioned above, 
the RON resistance in our devices increases at low temperature 
suggesting an increase of the resistance of source contact and 
of the part of the channel between the source and the gate. 
This causes at low temperature a larger voltage drop occuring 
at the source contact and in the part of the channel between 
the source and the gate. This voltage drop gives rise to an 
increase in the positive potential and as a consequence to a 
higher effective (InAlAs) energy barrier for the electrons in the 
channel region where RST of electrons takes place. Therefore, 
the RST of electrons decreases at low temperature with respect 
to room temperature as shown in Figs. 2(c) and 3(c). 

The effect of an increased voltage drop in the source contact 
region on the RST of electrons was studied at T = 300 K by 
adding in series with the source an extemal resistance Rext = 
10 0, comparable with the increase of RON from T = 300 K 
to 173 IS. The maximal voltage drop on the external resistance 
is 80 mV. As a result we notice that the positive gate current 
due to RST of electrons drops dramatically by a factor of 
roughly 3 with respect to the condition with Rext = 0 0, as 
shown in Fig. 4. This strongly suggests that the decrease of 
electron RST observed at low temperatures is in fact due to 
the increase of the RON resistance. The voltage drop of 80 
mV also influences slightly the impact ionization current. As 
it can be seen in Fig. 2(b) that a change of 80 mV in the source 
drain voltage induces a negligible decrease of the negative gate 
current induced by the RST of holes. 

To show more clearly the contribution of holes and electrons 
to the gate current IG in the high electric field regime, we 
have plotted in Fig. 5 the value of the gate current taken at 
VDS = 4.5 V as a function of VGS and the corresponding gate 
diode characteristics, IGDS, measured with source and drain 
short circuited and grounded. For both temperatures, the gate 
current IG shows a bell-shape behavior with a maximum at 
VGS = -0.1 V for T = 300 K and at VGS = 0.3 V for 
T = 173 K, respectively. The bell-shape behavior of IG was 
already reported for GaAs-based MESFET's, HEMT's, and 
PM-HEMT [ 161, [ 171. The qualitative model proposed in [ 181 
explains the bell shape behavior as a superimposition of two 
effects; as VGS is increased from threshold toward positive 
values, the number of electrons ( I o )  drifting from the drain 
to the source increases; thus an increasing number of holes is 
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Fig. 4. ID and IG characteristics. Dashed line: no extemal resistance. 
Continuous line: with a 10 R extemal resistance in series with the source 
electrode. 
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Fig. 5. IG as a function of VGS measured at constant VDS = 4.5 V and at 
T = 300 K (dashed line) and T = 173 K (solid line). The gate current IGDS 
measured with VDS = 0 V is included to show that the gate diode forward 
current does not contribute to positive IG in the examined VGS range for 
both temperatures. 

generated by impact ionization. These holes exhibit RST over 
the barrier layer and are collected at the gate; in this regime, 
IG is proportional to Io  and therefore increases in absolute 
value. When V G S  is further increased, the longitudinal electric 
field at the drain-gate gap drops due to the opening of the 
channel, causing a decrease of electron heating. As the impact 
ionization rate is exponentially dependent on the electric field, 
the net result is a strong decrease of holes generated and of 
the hole contribution to the gate current. 

However, in InAlAsAnGaAs HFET the additional presence 
of RST of electrons must be taken into account to explain 
the behavior of IG. In fact when V& is increased toward 
positive voltages the RST of electrons remarkably affects IG 
adding a positive current component to the negative one due to 
RST of holes. As a consequence IG decreases and eventually 
changes its polarity and becomes positive when, for further 
increase of V&, is completely dominated by electron RST. 
Therefore, the qualitative model proposed to explain the bell- 
shape behavior of IG in InAlAsAnGaAs devices is mainly 
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based on the superimposition of two components of IG: the 
first one negative, induced by hole RST, and prevailing at 
negative VGS; the second one positive, induced by electron 
RST and prevailing for V i s  positive and larger than a critical 
value. The decrease of the longitudinal electric field, which 
occurs when VGS is increased towards positive values, seems 
to play a less relevant role with respect to the electron RST 
to explain the IG behavior in InAlAshGaAs devices, even if 
it may affect the shape of the gate current and in particular 
its negative component. 

In particular, as can be seen in Fig. 5, at room temperature 
IG remains negative (i.e., dominated by holes) for VGS < 
0.6 V, while for VGS > 0.6 V the gate current IG becomes 
positive due to RST of electrons. On the contrary, at T = 
173 K and for VGS < 0.9 V the current IG is negative and 
much larger than at room temperature due to an increased 
impact-ionization and to a decreased RST of electrons. As a 
consequence the maximum of the bell-shape is shifted towards 
positive VGS values and IG changes its sign at VGS = 0.9 
V. At both temperatures the forward gate-source current is 
always negligible with respect to the gate current as shown in 
Fig. 5. This clearly demonstrates that the strong increase of 
the positive gate current is due to the RST of electrons and 
not due to the forward current of the gate-channel diode at 
both temperatures. 

Summarizing the electrical data, we have demonstrated 
that under high electric field conditions the gate current in 
InGaAsAnAlAs HFETs has as its two main contributions 
RST of holes and electrons. Furthermore, at positive VGS 
holes contribute to the gate current. The ratio between the 
electron ( 1 ~ ~ )  and hole ( I G ~ )  components of the gate current 
IG is strongly dependent on the temperature. By decreasing the 
temperature, the RST of holes is increased due to increased 
impact-ionization, while the RST of electrons is reduced due 
to an increase in the open channel resistance with a consequent 
increase in the effective barrier height. As a consequence 
I G ~  dominates IG in a wider Vis range at low T.  In 
the following we demonstrate that a detailed study of light 
emission can be used to separate quantitatively the electron 
and hole contribution to the gate current. 

IV. LIGHT EMISSION 
When devices are operated at high electric fields infrared 

and visible light is emitted. Electroluminescence spectra in the 
1.1-2.5 eV energy range and integrated light intensity, in the 
1.1-1.25 eV and 2.0-2.5 eV energy ranges, were measured 
using the optical experimental set-up described in detail in 
U61. 

Fig. 6 shows the emission spectra measured at T = 300 
K and 173 K with the device biased at VGS = 0 V and for 
different VDS. All spectra show several distinctive features in 
different energy ranges, which are listed below: 
i) in the low energy range, E < 1.25 eV, all spectra exhibit 

a nearly flat behavior; 
ii) in the intermediate energy range two main features can 

be observed. First, a remarkable step in the emitted light 
intensity, is observed at about E x 1.3 eV. The energy 
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Fig. 6.  Spectra of the emitted light for VGS = 0 V and for VDS = 4.5 V 
at T = 173 K (square) and at T = 300 K (cross) and for VDS = 3.5 V at 
T = 173 K (circle). 

position of this drop exhibits a negative temperature coeffi- 
cient while it appears to be independent of VDS. Secondly, 
in the energy range around 1.47 eV, corresponding to the 
energy gap of the InAlAs insulating barrier, we do not 
observe the presence of any peak suggesting that direct 
electron-hole recombination does not occur in this barrier 
layer; 

iii) in the high energy range, E > 1.8 eV, all spectra ex- 
hibit an exponential behavior in good agreement with a 
Maxwellian distribution whereas the slopes are different. 
The effective temperatures, Teffr of these distributions can 
be evaluated from the slope of the energy spectra and lie 
in the 1170 K-1360 K temperature range. Teff increases at 
increasing drain voltages and at decreasing temperatures; 
and 

iv) the intensity of the emitted light, as well as in the low 
energy and in the high energy range of the spectra, 
increases remarkably with increasing the drain voltage at 
constant T, or with decreasing the temperature at constant 
VDS. - 

In general there are two important types of light emission 
processes in semiconductors: radiative transitions which in- 
volve only one type of carrier; and radiative recombination 
involving both carrier types [ 191. In the former case, the light 
intensity is expected to be proportional to the concentration 
(current) of only one type of carrier, electrons or holes. While 
in the latter, the intensity is expected to be proportional to the 
product of the electron and hole concentrations (currents). 
To investigate the physics of the light emission mechanisms 

we have analyzed at different temperatures the correlation 
between the light intensity I INT ,  the gate ( IG),  the drain (Io), 
and the product of these currents (IG x Io )  as a function of 
gate voltage. In particular light intensity was integrated in two 
energy, E, ranges: i) a low energy range 1.1 eV < E < 1.25 
eV and ii) a high energy range 2.0 eV < E < 2.5 eV. The 
correlations taken at T = 173 K are shown in Figs. 7 and 8, 
respectively, while for T = 300 K in Fig. 9. 
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Fig. 7. The integrated light intensity, TINT, in the (a) 1.1-1.25 eV and in 
the (b) 2.0-2.5 eV energy range and Io, IG and IG x Io product measured 
at constant VDS = 4.5 V as a function of VGS at T = 173 K. Normalizing 
constants have been used for graphical reasons. 
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Fig. 8. The ratio IINT /Io for the 1.1 eV < E < 1.25 eV energy range and 
I ~ N T / ( I G  X I o )  for the 2.0 eV < E < 2.5 eV energy rangeas a function 
of VGS with constant VDS = 4.5 V and T = 173 K. 

At T = 173 K the light intensity IINT integrated in the 
low energy range (1.1 eV < E < 1.25 eV) shows a tight 
proportionality with the drain current ID for all gate voltages 
applied, as shown in Fig. 7(a). If the integration is carried out 
in the high energy range (2.0 eV < E < 2.5 eV), the light 
intensity IINT is proportional to the product IG x I D  for VGS < 
0.6 V, while above 0.6 V the correlation is lost, as shown in 
Fig. 7(b). The linear relationship is evident in Fig. 8, where 
the ratios I INT/ID and IINT/(IG x I D )  are plotted for the low 
and high energy ranges, respectively. For graphical reasons the 
ratios are normalized at VGS = 0 V. 

The tight correlation observed at T = 173 K between the 
light intensity integrated in the low energy range and I D  (see 
Figs. 7(a) and 8) suggests conduction-to-conduction band tran- 
sitions as the dominant emission mechanism for low energy 
photons. Since, as argued before, for this type of emission 
mechanism we should expect the integrated light intensity to 
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Fig. 9. The integrated light intensity, IINT, in the (a) 1.1-1.25 eV and (b) 
2.0-2.5 eV energy range and I D ,  IG and IG x I D  product measured at 
constant VDS = 4.5 V as a function of VGS at T = 300 K. Nomalizing 
constants have been used for graphical reasons. 

be proportional to the concentration of hot electrons in the 
channel which can be estimated by measuring the electron 
current ID. 

On the other hand, the strong correlation observed at T = 
173 K between the light intensity integrated in the high energy 
range and the IG x Io product (see Figs. 7(b) and 8) suggests 
conduction to valence-band recombination as the dominant 
emission mechanism for high energy photons. In fact, for 
this emission mechanism we should expect the integrated light 
intensity to be proportional to the product of hole and electron 
concentrations in the channel. As mentioned above the electron 
concentration is directly represented by Io, while the hole 
concentration correlates tightly with IG when the gate current 
is mainly dominated by hole collection. As discussed above, 
at T = 173 K, IG is mainly dominated by hole collection 
up to VGS M 0.6 V. Therefore, we can assume that for 
VGS < 0.6 V the hole concentration generated by impact 
ionization is directly proportional to the gate current, which 
means IG M I G ~ .  Consequently, recombination-induced light 
emitted is expected to be proportional to the product IG x ID. 
as indeed verified for the high energy part of the emitted light 
as shown in Figs. 7(b) and 8. 

According to these arguments, we only expect these cor- 
relations if the current IG is composed only by holes. This 
conditions is lost at T = 300 K, where, at VGS = 0 V the gate 
current IG is due to superimposition of three contribution: RST 
of holes, RST of electrons and a more pronounced leakage 
of the gate-drain diode. The correlation is therefore lost as 
shown in Figs. 9(a) and 9(b). In fact, even at T = 173 K 
when the RST of electrons becomes again comparable with 
the RST of holes for VGS > 0.6 V at VDS = 4.5 V, the 
gate current IG is no longer representative of the hole current 
and the correlation is lost, as shown in Figs. 7(b) and 8. 
Even in the low energy range the correlation between the 
integrated light intensity and the drain current is evident, 
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but less pronounced than at low temperature, as shown in r - 3 - - - m I I ' 1  
Fig. 7(a). 

We emphasize that the light signal in the high energy part ''1 T=173K R 
of the spectrum is related to electron-hole recombination; 
therefore, the effective temperature, Te~, reflects the properties 
of a Maxwellian ensemble of hot electrons and holes created 
by impact ionization in the high electric field region of the 
channel of an InGaAshAlAs HFET. 

The drop in the observed light intensity spectra at E = 
1.3 eV, shown in Fig. 6, exhibits a negative temperature 
dependence similar to the one of an energy gap and could 
be explained by any of the following mechanisms: a) a 

3 - 
-! 
4 -10 
- 6 

0.4 0.8 scattering mechanism which becomes effective at an electron -0.8 0.4 0 
energy around 1.3 eV for this material system, such as GATE VOLTAGE, Vn.q (V) 
impact-ionization, which has a threshold energy of roughly 
1.2 eV [13]; b) a reduction in the density of allowed states 
for electron energies larger than that value [20]; and c) 
absorption in the channel or upper layers possibly enhanced 
by resonance between quantized levels. An unambiguous 
identification of the physical origin of this step would require 
further experimental and theoretical work. 

v. GATE CURRENT COMPONENTS 

The strong proportionality at T = 173 K and at high VDS 
between the intensity IINT of high energy light emitted and 
the product IG x I D  for VGS < 0.6 V allow us for the first 
time to determine quantitatively the contribution of RST of 
holes, I G h ,  and electrons, I G ~  to the gate current I ,  as a 
function of gate voltage. The gate current IG itself at low 
temperature is given only by the sum of RST of electrons and 
RST of holes and is expressed as IG M I G ~  + IGh. In fact the 
contribution of the leakage current and the forward current of 
the channel-gate diode can be neglected at T = 173 K for all 
gate voltages applied. Furthermore at low temperature (T = 
173 K) the light emitted by the high energy photons is due 
to recombination processes. Therefore, the light intensity can 
be expressed as 

where the proportionality constant k can be determined in the 
VGS range on which IG is completely determined. by the hole 
contribution, IG x IGh. The correlation between IINT and 
IG x ID product is nearly perfect, i.e., for V& < 0.6 V as 
shown in Figs. 7(b) and 8. When IG is also due to electron 
RST, i.e., for VGS > 0.6 V, the knowledge of k allows 
us by using (1) to evaluate I G h  from IINT and ID values. 
Consequently the electron component I G ~  is then given by the 
difference of IG - I G h .  

Fig. 10 shows the gate current IG. I G ~  and I G h  as a function 
of Vis. For VGS < 0.6 V, where the correlation between 
the light and the product IG x ID is almost perfect, the 
magnitude I G ~  is zero and the gate current is dominated by 
holes, IG = IGh. In this regime the bell-shape behavior of 
IG and its maximum may be explained, as reported for GaAs- 
based MESFET's and HEMT's [18], by the superimposition 
of the increase of ID and of the reduction of the longitudinal 

-- 
Fig. 10. I G ,  IGh and I G ~  as a function of VGS. IGh is the component of 
IG due to collection of holes. I G ~  is the component due to RST of electrons, 
which causes the discrepancy of the correlation between TINT and IG x 10 
for VGS > 0.6 V, Fig. 7(b). 

electric field at the increasing gate voltage. Above VGS = 0.6 
V the component of I G ~  enlarges, becomes comparable with 
the hole component, IGh, and eventually dominates IG for 
VGS > 0.9 V. 

Note, that this procedure of evaluating the gate current 
components cannot be applied at room temperature. This is 
mainly due to the fact that, we cannot find a range of Vis 
where at the same time the integrated light intensity, IINT, 
is detectable and the gate current is completely due to I G h ,  

which would allow us to define the constant k in (1). 

VI. CONCLUSION 

In conclusion, we have studied impact ionization, electron 
and hole real space transfer, and light emission occurring in 
InAlAsAnGaAs heterostructure Field-Effect Transistors based 
on InP and operated at high electric fields. When these devices 
are biased at high VDS (> 3 V), significant impact-ionization 
takes place in the channel. A detailed study of the gate 
current reveals that, for negative VGS, IG is dominated by 
the collection of impact-ionized holes, while for positive VGS, 
IG is dominated by electron real space transfer at low VDS 
and by hole collection at high VDS. 

Light emission both in the infrared and visible region 
takes place at high VDS. The intensity of the emitted light 
increases remarkably by increasing VDS or by decreasing T. 
For energies higher than 1.8 eV all spectra exhibit nearly 
Maxwellian distributions, with effective temperatures Teff in 
the 1170 K-1360 K range. T e ~  increases on increasing VDS 
and at decreasing T. The intensity of the light integrated in the 
1.1 ev-1.25 eV range is found to be proportional to ID ,  thus 
suggesting conduction band-to-conduction band transitions as 
the dominant light emission mechanism in the infrared range. 
Thh mechanism, although predicted by simulation on GaAs 
MESFET' s, has never been demonstrated experimentally [ 131. 
In the 2.0 eV-2.5 eV range, the integrated light correlates 
well with the IG x ID product, suggesting conduction-to- 
valence band recombination as the emission mechanism. This 

~ 7 -  I I 'I 1 -  
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correlation allows us to separate for the first time the electron 
( 1 ~ ~ )  and hole ( 1 ~ h )  contributions to the gate current. At high 
temperatures, the quality of the correlation degrades, revealing 
the increasing relevance of electron real space transfer in 
I,. 

[19] J. Bude, N. Sano, and A. Yoshii, “Hot carrier luminescence in Si,” Phys. 
Rev. B, 45, no. 11, PP. 5848-5855, 1992. 

[20] J. Bude and K. Hess, “Threshold of impact ionization in semiconduc- 
tors,” J. Appl. Phys., vol. 72, no. 8, pp. 3557-3561, 1992. 

Finally, the emission mechanisms of light induced by hot 
electrons in InGaAshnAlAs HFET’s have been identified 
and electroluminescence intensity has been correlated with 
electrical characteristics. These methods can now be used by 
device designers to quantitatively evaluate impact-ionization 
phenomena and real-space-transfer effects in these devices 
and by applying the same methodology in other FET struc- 
tures. 
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