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Abstract—The charge injection transistor is implemented in
InGaAs/InAlAs /InGaAs heterostructure material, grown by
molecular beam epitaxy. A complementary collector of p-type
conductivity is used for the first time. The real-space transfer
of hot electrons leads to a luminescence signal proportional to
the injection current. The radiative efficiency is significantly
enhanced by a double-heterostructure design of the collector
active region, which confines the injected minority carriers. The
internal quantum efficiency of the light-emitting transistor is
comparable to that of light-emitting diodes. Due to a peculiar
symmetry of real-space transfer, the optical output signal fol-
lows an exclusive-OR function of input voltages. Functional
logic operation of the device is demonstrated at room temper-
ature.

I. INTRODUCTION

HE CONCEPT of real-space transfer (RST) [1], [2]

describes the process in which electrons in a narrow
(=0.1 pm) semiconductor layer are heated by a parallel
electric field and spill over an energy barrier into the ad-
Jjacent layer. This principle underlies the operation of a
three-terminal hot-electron device, called the charge-in-
jection transistor or CHINT (3], [4]. The RST in CHINT
occurs between two independently contacted conducting
layers. One of these layers, ‘‘emitter,”” has source and
drain contacts and plays the role of a hot-electron cath-
ode. The other conducting layer (‘‘collector’’) is sepa-
rated by a heterostructure barrier. Transistor action con-
sists in the control of the injection current /- by the voltage
Vps. applied between the drain and the source.

Charge injection transistors and related devices have
been widely studied both theoretically and experimen-
tally.! All previously studied samples had the same type
of conductivity in the emitter channel and the collector.
However, the RST of carriers into a complementary col-
lector layer allows the implementation of light-emitting
devices endowed with a logic functionality with respect
to electrical input. A complementary CHINT with a prop-
erly designed optically active layer structure in the col-
lector has been predicted [5] to produce an optical output
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Loy that is proportional to the RST current and obeys an
exclusive-OR function of the input signals Loyt = xor
(VSa VD)

In this work we report the first realization of a CHINT
with an n-type emitter channel and a p-type collector (a
brief preliminary account has been reported earlier [6]).
Both the electrical and optical properties are discussed in
detail. The light-emitting device operates at room tem-
perature and exhibits a high radiative efficiency of RST
electrons as well as a high light-power on/off ratio. The
expected logic functionality is demonstrated both in the
electrical and the optical outputs. Interestingly, the opti-
cal logic performance turns out to be superior compared
to the electrical performance, especially at higher tem-
peratures. This we explain by analyzing the leakage cur-
rent and showing that, in contrast to the RST current, it
is mainly nonradiative. Our study suggests important con-
siderations for the design of RST optoelectronic devices.

II. STRUCTURE

The complementary CHINT has been implemented in
a lattice-matched InGaAs /InAlAs heterostructure, grown
by molecular beam epitaxy on a semi-insulating InP sub-
strate. A schematic cross section of the device is illus-
trated in Fig. 1. The design is based on the epitaxial con-
tact scheme, first used in the fabrication of CHINT by
Mensz et al. [7]. In this scheme, the channel length is
defined by a trench etched in the n* cap layer (a), while
the remaining portions of the cap layer make ohmic con-
tacts to the source and drain metal. The 25-A InAlAs layer
() is used as an etch stop in the selective etching of the
cap layer [8]. The collector contact, AuBe /Au, has been
alloyed at 450°C for 10 s to ensure a sufficient penetration
into the InAlAs collector confinement layer.

All patterns, including the trench between source and
drain, were defined by standard optical contact lithogra-
phy. The emitter channel length, defined by the trench, is
L, = 3 um and the width W = 50 um. The design, aimed
at ease of processing, made no attempt to minimize par-
asitic capacitances and improve the device speed. For this
reason, only dc characterization has been carried out.

Fig. 2 shows a schematic energy-band diagram of the
device in a cross section under the trench. In equilibrium,
Fig. 2(a), the emitter channel is entirely depleted by the
surface potential and the p-n junction, so that the channel
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Fig. 1. Cross section of the sample structure. The real-space transfer cur-
rent is indicated by the downward arrow.

(c)

Fig. 2. Schematic energy-band diagram in a device cross section under the
trench. (a) Equilibrium. The collector and the emitter-channel layers form
a p-n junction, separated by a wide-gap barrier. The channel is depleted by
the surface potential. (b) Flatband condition. The flatband voltage V. =
V5 is undetermined because of the uncertainty in the surface potential. The
calculated flatband voltage in a cross section under the contacts is Vpy =
0.63 V. (c) Operating regime of a complementary CHINT. The channcl
charge is induced by the collector field. When the heating electric field is
applied along the channel, the latter becomes a hot-electron emitter. Real-
space transferred electrons radiatively recombine with holes in the active
region of the collector.

conduction requires a positive collector voltage to induce
a two-dimensional electron gas at the interface with the
barrier. In the ‘‘flatband’’ condition, illustrated in Fig.
2(b), the collector bias V- = Vg = 0.6 eV corresponds
to the work-function difference between n-InGaAs in the
channel and p-InGaAs in the collector. In the operating
regime, Fig. 2(c), the p-n junction is forward-biased and

the main obstacle to current is due to the band discon-
tinuities at the two interfaces with the InAlAs barrier.
Inasmuch as the valence-band discontinuity in the
InGaAs /InAlAs heterosystem is smaller than the conduc-
tion band discontinuity [9] (AE, = 0.20 eV < AE, =
0.50 eV) we can expect that, in the absence of RST. the
collector current will be dominated by holes.

Electron heating is generated by a drain-to-source bias
Vps. The real-space transfer manifests itself in the in-
creasing collector current /. As usual, it is accompanied
by a negative differential resistance in the drain current
I;,. In our complementary structure, the RST is also ac-
companied by a recombination radiation from the p-type
collector.

The purpose of the wide-gap p* InAlAs layer in the
collector is to spatially confine electrons injected over the
barrier and, at the same time. to provide a low-resistance
path for the collector current. Both requirements are very
important. Confinement is necessary for the radiative ef-
ficiency (otherwise, most of the injected electrons would
reach the collector contact prior to recombination) and low
collector resistance is necessary to minimize a spurious
backgating effect., which would otherwise severely limit
the available RST current.

III. ELECTRICAL CHARACTERIZATION

Electrical properties of a complementary CHINT are
quite different from those of unipolar devices studied pre-
viously. Most of the differences are rooted in the fact that
the collector and the emitter form a p-n junction with a
wide-gap barrier in between. The device operating regime
corresponds to a forward bias of the p-n junction, hence
we must rely exclusively on the bandgap discontinuities
to block the unwelcome leakage current. In what follows
we shall refer to as the leakage that part of the collector
current which flows independently of the electron tem-
perature 7, controlled by the lateral field in the emitter
channel. Identification of the leakage mechanism is an
important part of the device characterization.

A. Leakage Current

In a unipolar CHINT device, the leakage can be
strongly suppressed by choosing a heterostructure with a
large conduction band discontinuity. Excellent results
have been obtained [8] in the InGaAs/InAlAs system
which has AE- = 0.50 eV. In a complementary CHINT,
we have to worry about the flux of holes from the collec-
tor into the emitter channel.

Fig. 3 shows the collector leakage current, with both
source and drain grounded, as a function of the collector
bias V for different temperatures. At high temperatures,
200 = T = 300 K, and relatively low bias the current
obeys the thermionic model

[( — 1(((})()(/VL /nkT (1)
where n is the ideality factor and /' the diode saturation
current. From the slopes of the /~(V) curves at low bias,
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Fig. 3. Collector current-voltage characteristics (source and drain
grounded) at different temperatures. Dashed lines indicate the linear ex-
trapolation of I¢ to zero forward bias. The intercepts of the dashed lines
w(i)th Lkle ordinate axis correspond to /. Inset shows an Arrhenius plot of
12/T.

indicated by the dashed lines in Fig. 3, we determine
n = 1.4. Extrapolating to V¢ = 0, we determine /¢ and
find that it can be fitted to the usual form

1Q = SA*T?e ¥/4T )

where § = 1.2 x 107> cm? is the total emitter area in-
cluding the source and drain contacts, ® is the barrier
height at zero bias (separation between the hole Fermi
level in the collector and the valence band edge in the
barrier at the channel interface), and A* the effective
Richardson constant. It is worth noting that the actual
trench area (1.5 X 107° cmz) is smaller than §; moreover,
at low collector bias the areas under the trench and the
Si;N, are depleted and contribute little current. Most of
the current flows therefore in regions under the source and
drain contacts, which are not depleted even in equilib-
rium.

The inset to Fig. 3 shows an Arrhenius plot of 12/ 1?
versus 7' in the high-temperature range. The slope of
this plot gives & = 0.90 eV in good agreement with a
calculated value ®" of the barrier height for holes relative
to their Fermi level in the collector, " = 0.89 eV, based
on the energy gap E; = 0.75 eV of InGaAs, the valence-
band discontinuity AE, = 0.20 eV, and given doping lev-
els. This is to be contrasted with the estimated zero-bias
barrier height for emitter electrons, ®° = 1.10 eV. More-
over, extrapolating log [[&/T*] to T™' — 0, we find A*
~ 63 A - cm~2 - K % in agreement with the theoretical
value for heavy holes. This indicates that our data in Fig.
3 can be used for a rather good estimate of the valence-
band discontinuity in the Ings3Gag7As/Ing 5:Aly 43As
system, giving AE, = 0.21 eV.

At higher collector biases, exceeding the flatband con-
dition V¢ > Vg, the top of the barrier for holes is at the

collector interface. This is the operating regime of a com-
plementary CHINT. Further increase of the collector cur-
rent with V- occurs primarily because of the accumulation
of holes (increasing the Fermi level) and also, because of
the increasing role of hole tunneling which lowers the ef-
fective barrier. Hence the leakage curve departs from (1)
when Ve > Vpg. As is evident from Fig. 3, in the oper-
ating regime the slope of log I-(V() is relatively gentle.
At low temperatures, T < 150 K, thermally assisted tun-
neling of holes is the dominant leakage mechanism.

B. Transistor Characteristics

"The usual way of presenting current-voltage character-
istics of a charge injection transistor is to plot the family
of I-(Vp) and In(V),) curves at constant values of V. Fig.
4(a)-(c) shows such characteristics of the complementary
CHINT at T = 290 K, T = 235K, and T = 100 K. The
low Vp, part of the characteristics is similar to that in a
“normally-off > field-effect transistor (FET), with the
collector playing the role of a gate. At a fixed V¢ and
increasing the heating voltage V), the channel current first
(Vp = 0.5 V) increases linearly, then sublinearly with a
tendency for saturation. The saturation value of the cur-
rent increases with Ve, as it would in a FET. When the
heating voltage is high enough to establish a significant
RST, the drain current shows a negative differential resis-
tance (NDR). The NDR effect is enhanced at lower tem-
peratures, where it manifests itself by an abrupt drop in
I,. Simultaneously, the collector current rapidly increases
from its leakage value.

Note that the increase in I does not fully compensate
for diminishing I5,, which means, by Kirchhoff’s law, that
the source current I also decreases. This behavior can be
explained by two mechanisms, both due to the backgating
effect of the collector field. The first mechanism, which
might be termed intrinsic, is due to the charge dynami-
cally stored in the barrier layer in transit toward the col-
lector [10]. The negative dynamic charge partially screens
the collector field and reduces the electron concentration
in the emitter channel. The second mechanism is due to a
negative feedback of the collector current in the presence
of a parasitic series resistance in the collector path. When
the RST current begins to flow, the voltage drop on that
series resistance reduces the collector potential, effec-
tively lowering the V. Both effects result in decreasing
I5. When the collector contact is not properly alloyed, the
series resistance may dominate.” In our device the dy-
namic space-charge effect may account for most of the
decrease in the source current, as can be ascertained by
simple estimates similar to those in [10]. Nevertheless, a
residual collector series resistance (Rc < 0.5 k@ at 290
K but higher at lower temperatures, see below) is likely
to be present in our structure; without Rc we find it hard
to understand certain features in the characteristics at high
V), and still higher V.

Such structures usually show a giant NDR accompanying a relatively
little RST current. This anomaly goes away upon annealing the alloyed
contact.
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Fig. 4. Current-voltage characteristics at different temperatures and col-
lector biases V. Drain current /,, is shown by the dashed lines and collector
current /- by the solid lines. The dotted lines show the expected leakage
behavior of /. in the absence of RST. calculated from Fig. 3. The collector
current on/off ratio is calculated by dividing the (relative) maximum value
of /- by its minimum value before the onset of real-space transfer. (a) T =
200 K. (b) T = 235 K. (¢) T = 100 K.

Indeed, as seen from Fig. 4, the collector current shows
a well-defined maximum as a function of Vp. This behav-
jor is faithfully tracked by the electroluminescence signal,

which, as discussed in Section IV, indicates that the max-
imum is associated with a decrease of the electron RST
current at high V. We believe, that the existence of a
peak in the collector current and the decrease of I at
higher V), is related to the increase in the potential of the
“‘hot spot’’ (i.e., the high-field region in the channel
where most of the RST occurs) relative to the collector.
Reversal of the field in the barrier at the hot spot expo-
nentially suppresses the RST. No peak in I¢ is observed
when Vp, is increased simultaneously with increasing the
collector voltage, which corresponds to varying the source
voltage at fixed Vp and V. Field reversal at the hot spot
naturally explains our data in Fig. 4 at lower Ve <25
V. However, a close examination of Fig. 4(c) shows that
it does not work directly for higher values of V. Thus for
Ve = 3.5 V, the maximum occurs near Vp=17V.In
the absence of a collector resistance, this would suggest
that the entire emitter channel is in the operating regime
and no field reversal takes place at the hot spot. To make
the ends meet, it is sufficient to assume a series resistance
Rc = 1 kQ in the collector circuit at low temperatures.

Prior to the onset of the RST, the collector current is
seen to decrease, cf., the higher temperature plots, Fig.
4(a) and (b). This is due to the diminishing leakage cur-
rent (roughly by a factor of 2) with decreasing collector-
to-drain bias. The same behavior occurs at low tempera-
tures., but on the scale of Fig. 4(c) the leakage is not re-
solved.

We would like to distinguish between two contributions
to the measured collector current

1o = IKC + 87 (3)

where 1% is the real-space transfer current of hot elec-

trons and 7% is the collector leakage, defined as the cur-
rent which would flow at a given voltage configuration
(V. Vp) if the electron heating phenomenon were absent.
at low temperatures, IEX6 is negligible and %7 s very
close to the measured /~. On the other hand, in order to
estimate the /%7 at high temperatures it is necessary to
subtract the leakage contribution. The leakage curves,
1¥6(V,,), estimated from the diode characteristics of Fig.
3 (assuming a perfect symmetry between the source and
the drain), are plotted by the dotted lines in Fig. 4(a) and
(b). Subtracting the leakage curve, we obtain a reasonable
approximation to the RST current I®T at a given bias.
Thus calculated curves I8T(Vp) are plotted in Fig. 5 be-
low.

IV. OpticAL CHARACTERIZATION

Electroluminescence of the complementary CHINT was
detected from the back of the polished substrate using a
liquid-nitrogen-cooled Ge detector and a 0.75-m spec-
trometer. We observed a spectrum peaked at the photon
energy corresponding to the band-to-band recombination
in InGaAs. As the bandgap shrinks with increasing tem-
perature, the peak wavelength increases from 1.56 pm at
T = 100 K to 1.59 and 1.60 gm at 235 and 290 K, re-
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Fig. 5. Optical output characteristics versus the heating voltage V), at dif-
ferent temperatures and collector biases V. The total measured light power
P,, is plotted by solid lines. Dashed lines indicate the real-space transfer
current I85T calculated from the measured /- by subtracting the leakage
current. The current measurements were taken simultaneously with the op-
tical data and differ slightly from those presented in Fig. 4. The light power
on/off ratio is calculated by dividing the maximum value of P, by its min-
imum value before the onset of real-space transfer. (a) T = 290 K. (b) T
=235K. (¢) T = 100 K.

spectively. Moreover, at low temperatures (< 100 K) the
position of the peak slightly shifts towards higher energy
as the RST current increases. We attribute this shift to a

band-filling effect due to the increasing electron injection.
To measure the total emitted power, we used a broad-area
Ge photodiode and suitable focusing optics.

Fig. 5 shows the dependence of the measured light
power P,, on the electron heating voltage V), at selected
temperatures and different values of V.. On the same
graphs we show the “‘net’” RST curves I8° (Vp), calcu-
lated as described in Section III-B. The first notable ob-
servation is that the P,,(Vp) curves are to a good degree
proportional to / RST(¥p), rather than to the total /(Vp) of
Fig. 4, as one could naively expect. Accordingly, the
measured optical on/off ratio (Fig. 5) far exceeds the on/
off ratio in the collector current, the difference being par-
ticularly striking at low temperatures. Even at 7 = 290
K, where the RST structure in I-(Vp) is barely visible
against the leakage background, the corresponding mod-
ulation of the optical signal is by an order of magnitude:
for V- = 3.0 V the on/off ratio is 9 in P, and 1.1 in /.
The origin of this remarkable performance must be clearly
understood, since the depth of modulation is of paramount
importance for room-temperature logic applications of the
light-emitting CHINT.

By studying the temperature dependence of I(V¢) at
Vp = 0, we had concluded in Section III-A that the col-
lector leakage is mostly due to the injection of holes into
the channel. Now, the data of Fig. 5 clearly indicate that
this injection does not contribute to the optical signal. It
is significant that the leakage and the RST are caused by
different types of carriers. The injected holes have a vastly
lower radiative efficiency because they are likely to reach
the source or drain contact before they recombine radia-
tively with electrons. The Ing 5Ag.43As etch-stop layer b
(Fig. 1) is insufficiently thick to confine minority holes in
the emitter channel (the estimated hole escape time by
tunneling across this layer is much shorter than the radia-
tive recombination time). Most of the nonradiative re-
combination is likely to occur in the layers heavily doped
with tin. In contrast, electrons injected into the collector
are confined in the active region. Virtually all of the op-
tical output can be attributed to the recombination of in-
jected electrons in the collector active layer. This implies
an important design consideration: to maximize the opti-
cal on/off ratio it is essential to suppress the leakage of
electrons into the active region; the oppositely directed
flux of holes can be tolerated.

At low temperatures, Fig. 5(c), the light signal related
to the leakage is below the noise level and the on/off ratio
in P,, is above 10*. At higher temperatures, the small elec-
tron component of the leakage current increases and con-
sequently the on/off ratio disparity between the light-
power output and the collector current is less pronounced.
From the measured light power P,(Vp, V() we can esti-
mate the internal radiative efficiency of the RST electrons
as follows:

1 gAP,
hVn('t() IRCST

Mg “4)

where . = 0.48% is the collection efficiency (estimated
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assuming an isotropic emission over the 27 solid angle.
due to reflection from the surface metallization), 7, = 88%
is the combined transmission of the optical components
(lens and windows) between the detector and the device,
and hv is the photon energy at the peak of the lumines-
cence spectrum. To account for the light power due to the
leakage current, the quantity A P, is taken equal to P, (V),,
V) minus the optical power measured at the same V- but
lower Vp, prior to the onset of the RST. At lower tem-
peratures, one has AP, = P,

The fact that our collection efficiency 7, is low. is ac-
counted for by the total internal reflection, Fresnel loss,
and the collection solid angle. We have not used an an-
tireflection coating. The relatively low numerical aperture
(NA = 0.34) has been forced by the use of a dewar for
low-temperature measurements. Moreover, an error of
+5% in NA from the collection lens being slightly out of
focus, produces an error of +10% in 7. Nevertheless,
the systematic error in the determination of the efliciency
was the same for all measurements, since the lens system
was not adjusted during the whole set of measurements.
The relative efficiency behavior at different temperatures
and biases can be considered quite reliable.

Fig. 6 shows the basic trends in the behavior of the
radiative efficiency n, under varying temperature and col-
lector bias. We found that near and above the peak of the
RST current the efficiency is not modulated by varying
Vp. This means that 5, is practically independent of the
injection current at a given T and V(. The data in Fig. 6
are taken near the RST peak; the dependence on Vp in a
wider range is discussed below. As is evident from the
figure, the radiative efliciency decreases with increasing
temperature. This dependence is likely to be explained,
as in conventional light-emitting devices, by the increas-
ing role at higher T of nonradiative processes, such as
Auger recombination [11].

The radiative efficiency is also seen to decrease with
increasing collector bias. This effect is prominent only at
low T'< 150 K (no significant variation 5, with V¢ is
observed at higher temperatures; the apparent dependence
at T = 200 K in Fig. 6 is not meaningful since the low-
V¢ points are within an experimental error introduced by
the uncertainty in the subtraction of the leakage compo-
nent). One possible explanation for the V. dependence
may be related to the injection of hot electrons into the
wide-gap collector confinement layer, where they recom-
bine nonradiatively.® Within this model, weakening of the
Ve dependence of 5, at higher temperatures can be ex-
plained by a shorter hot-electron mean-free path due to
higher rate of optical-phonon scattering. The fact that a
sizable fraction of injected electrons can retain enough
energy (especially at lower temperatures) to clear the sec-

‘Even if there were a radiative component from the confinement layer.
it would not be detected experimentally. since all of the InAlAs light output
would be re-absorbed in the InP substate. Moreover, as a matter of prin-
ciple, one would not expect a significant radiation from the widc-gap layer.
since electrons there are no longer confined and their radiative litetime is
tonger than the travel time to the contact.
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Fig. 6. Dependence of the internal radiative efficiency 5, on the lattice
temperature for different collector biases.

ond barrier, is well known from studies of ballistic tran-
sistors (see. for example, [12] and the literature cited
therein). This interpretation does not contradict the fact
that our measured spectra do not show hot-electron tails,
because the electron cooling rates in InGaAs are known
to be faster than recombination [13]. In our preliminary
report [6], the ‘ballistic-transistor’” model was men-
tioned as a possible explanation of the V- dependence.
Nevertheless, we have difficulties with this interpreta-
tion. First. it is inconsistent with our understanding of the
peak in the /+(V¢) dependence. which we had attributed
in Section III-B to a field reversal in the ‘‘hot-spot’’ re-
gion of the channel. Clearly, one would expect a suppres-
sion of the ballistic-transistor effect in this case. This con-
tradicts our data in Fig. 7, which shows the dependence
of the calculated 7, on the heating voltage V), for several
values of Vi at T = 100 K. No enhancement of the 7,
occurs at the heating voltages V), above the I peak.
Next, consider the most striking feature of Fig. 7.
namely, the dramatic downward steps in the efficiency.
accompanying steps in the collector current. The low-bias
values of the efficiency are relatively high and largely in-
dependent of the collector voltage.® As the heating bias
reaches the location of the first current step, the efficiency
suddenly drops to a lower plateau value. Moreover, curves
corresponding to lower collector biases (V- = 2.0 and 2.5
V), at which there are no steps in the current-voltage
characteristics. show no significant decrease in efficiency
either. For V- > 2.5 V, something evidently happens near
V, = 1.2 V which forces the step-like switching of the
current and is accompanied with the efficiency drop. Steps
in the current-voltage characteristics of the CHINT are
usually explained [7], [14], [15] by an instability associ-
ated with the formation of hot-electron domains in the

'The apparent decrease in 7, at lowest heating biases (near the sensitivity
limit of our light detector) is probably related to nonradiative recombina-
tion with defects. The rate of such processes scales linearly with the mi-
nority concentration and at low carrier injection it exceeds the radiative
recombination rate
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Fig. 7. Dependence of the internal radiative efficiency n, on the heating
voltage V), at T = 100 K and different collector biases. Dashed lines in-
dicate the RST collector current (from Fig. 5).

channel. Both the field and the electron temperature 7,
rise dramatically in the domains and that, of course, may
lead to a higher injection into the confinement layer, be-
cause of the higher average energy of injected electrons.
However, if the injection energy is the deciding factor,
then we should expect the radiative efficiency go down
strongly with increasing V¢ at all values of V. The trou-
ble with the above ballistic-transistor interpretation of the
7,Vc) dependence is not that we cannot stretch it to ex-
plain the efficiency drop (that we can do!) but that it is
clearly inconsistent with the fact that low-V, values of n,
are practically independent of V.. We are, therefore, led
to consider alternative interpretations of the efficiency
data.

In our opinion, a possible explanation involves a non-
local heating of the lattice by hot electrons. In this pic-
ture, the lattice temperature in the active layer may sub-
stantially deviate from the ambient temperature, due to
the power W, dissipated by hot electrons in the channel
via optical-phonon emission. This power can be estimated
as

nkT,

TE

W, =@

)

where n is the sheet carrier concentration in the emitter
channel at the hot spot, @ the hot-spot area, and 7:(7T,)
the energy relaxation time of hot electrons at temperature
T,. At low V), the heating field in the channel is low and
relatively uniform, hence T, is low and so is W,. The for-
mation of a hot-electron domain shrinks @ but at the same
time strongly increases T, and therefore W, goes up.
Higher phonon emission in the channel leads to a higher
lattice temperature in the collector active layer and hence
a lower radiative efficiency. From the data of Fig. 6, the
required temperature increase at T = 100 K is by less than
50 K. The dependence on V- results from the field-effect
gating action of the collector, expressed in (5) by the fac-
tor n(V¢). After the domain is formed, the dependence on
Vp is weak.
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We would like to stress that the local heating by hot
carriers is an essential part of this picture. A simple Joule
heating of the whole device is ruled out by the following
observation. Consider the total input power W, into the
transistor, which in the common-source configuration is
given by

Wio = IcVe + IpVp. (6)

To our surprise, we found that W, is continuous at the
steps in the current-voltage characteristics.” To avoid
misunderstanding, let us remark that W, is only a part of
W,oi- Most of W, however, is dissipated by acoustic pho-
nons and distributed over a large volume. In contrast, the
power W,, dissipated by electrons with 7, > ~ 1000 K,
goes into the generation of relatively immobile optical
phonons at the hot spot.

V. REAL-SrPACE TRANSFER LoGicC

A fundamental property [15]-[17] of the CHINT con-
sists in a symmetry equivalence between the internal states
S$[Vp, V] of the device at the external biases

$[Vp, Vel 2 8[~Vp, Ve = Vp)l. )

This correspondence follows from the reflection symme-
try in the plane normal to the source-drain direction which
cuts the channel in the middle.® Therefore, the output op-
tical power of our device, which is proportional to ST
and is controlled by the heating bias Vps, depends only
on the magnitude of Vs and is invariant if the potentials
on the source and drain terminals are interchanged. Thus
the device exhibits an exclusive-OR dependence of the
emitted light power on the input voltages Vg and V), re-
garded as binary (high/low) logic signals.

Fig. 8 demonstrates logic operation of the complemen-
tary CHINT at three different temperatures. The collector
bias is fixed at V- = 3.0 V and the input voltages are
varied from low = O to high = 1.5 V. Operation of an
optical xor gate is illustrated in Fig. 8(a). The data shown
were obtained in dc measurements; no attempt was made
to characterize the frequency response, as our device had
not been designed for a fast operation. We see that the
light-output power P,, obeys P,, = xor (Vs, Vp) at all tem-
peratures, including room temperature. The slight asym-
metry between the on states (1-0) and (0-1) indicates that
our device is not perfectly symmetric due to processing
variations. On the other hand, the difference between the

*We believe such an observation has never been made before. In addition
to our present device, we have re-analyzed the available data measured in
previously reported unipolar charge injection transistors. To our surprise,
we found that most (but not all) steps in /;, I, and I = [, + I are
accompanied by a continuous variation in the total input power. Typically,
only the slope W, (V) changes at the transition. We believe this phenom-
enon deserves further study, both experimental and theoretical. It may shed
light on the nature of switching transitions between different branches of
intrinsically complicated trajectories [16] in the device phase space.

°0f course, a similar relation exists between internal states $[V,,, V¢l in
a field-effect transistor. The difference is that the CHINT coliector C is the
output terminal and the symmetry expressed by (7) implies that the polarity
of output current is independent of the polarity of the input voltage V.
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Fig. 8. Comparison of the optical and electrical logic operation of the
complementary CHINT at different temperatures 7. Four logic states
(1-0), (1-1). (0-1). and (0-0) correspond to the electrical inputs (Vi-V,))
taking the values ¥V = 0 (logic-0) and V' = 1.5 V (logic-1). (a) Optical
output P, corresponds to an exclusive-OR. xor (V. V). at all T. including
room temperature. (b) Electrical output /.- is xor (V, ¥,,) only at cryogenic
temperatures.

off states (0-0) and (1-1) at high temperatures is owing to
a nonvanishing radiation associated with the leakage cur-
rent.

It should be stressed that the low radiative efficiency
associated with the leakage current is crucial for a suc-
cessful xor operation of our device. For comparison, Fig.
8(b) shows the electrical behavior of our device at similar
temperatures and biasing conditions. While the approxi-
mate symmetry between the on states (1-0) and (0-1) is
well maintained, the function /- = xor (Vs, V) obtains
only at cryogenic temperatures. At higher 7, the leakage
of holes in the state (0-0) makes it effectively an on state

and the resulting function looks more like a nand than a
XOr.

VI. CoNCLUSION

The charge injection transistor has been implemented
for the first time with the collector and the emitter layers
of complementary conductivity type. Application of a lat-
eral field to the n-type emitter channel gives rise to a lu-
minescence signal resulting from the recombination of
real-space transferred electrons with holes in the p-type
collector layers. We employed the InGaAs /InAlAs het-
erostructure lattice-matched to InP. In this material, the
conduction-band discontinuity is larger than that in the
valence band and, therefore, in the absence of RST most
of the current is due to an injection of holes from the col-
lector. The light-emitting device operates at room tem-
perature and exhibits a high radiative efficiency of RST
clectrons as well as a high light-power on/off ratio. The
radiative efficiency is ensured by the design of an active
collector layer where the injected minority carriers are
spatially confined.

In accordance with theoretical predictions [5], the tran-
sistor generates an optical signal that is an exclusive-OR
function of the voltage inputs applied to the emitter elec-
trodes.” We found that the optical logic performance of
our device is superior to its electrical performance, es-
pecially at higher temperatures. This difference is thor-
oughly investigated and shown to arise from a strong
asymmetry in the radiative efficiency between electrons
real space transferred into the collector and holes injected
into the emitter channel. In contrast to the RST electrons,
holes recombine nonradiatively—most probably in the
emitter contacts. This property, as well as the high inter-
nal quantum efficiency, comparable to that in conven-
tional long-wavelength light-emitting diodes, may lead to
a variety of applications. In particular, the development
of a real-space transfer laser operating as a high-speed xor
logic gate, appears to be within reach.
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