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Measurements of light emission are reported in the 1.1-2.5 eV energy range, by hot electrons in the
Ing 548Ga 4/AS channel of a complementary charge injection transistor. By comparing electrical
characteristics and light emission, there is the ability to identify the intraconduction band transitions
as the main light emission mechanism. Hot-electron effective temperatures up to 2200 K have been
determined from high energy exponential tails of the electroluminescence spectt9%®
American Institute of Physics.

Hot-carrier luminescence in compound semiconductomatic cross section of the device and the equilibrium energy
and silicon devices is a powerful technique to investigateband diagram are shown in Fig. 1. The channel length is
hot-carrier effects and degradation phenomettdo extract  Lg=1 um and the channel width ¥/,,=40 um. Details of
information on hot carriers from the luminescence spectra ithe structure and processing have been described previously
is, first of all, necessary to determine the mechanism resporn Ref. 8. In the normal operating conditions of the CHINT,
sible for the light emission. Recent theoretical and experithe source is grounded while both the drain and collector are
mental works on silicon based devices have indicated intrapositively biased. Channel electrons, heated by the drain-
band transitions as the main mechanism responsible for hosource biad/pg, are injected over the barrier into the collec-
carrier luminescence® Unfortunately, there is no consensus tor. The real space transf@RST) of electrons, between the
as to the dominant mechanism responsible for light emissioghannel and the collector layer, manifests itself in an increase
in heterostructure based devices despite a considerabf the positive collector current and, in a complementary
amount of experimental work availabfe. CHINT, in an intense light signal due to the radiative recom-

In this letter, we report the measurements of light emisbination with holes in the-type collector regiort:*°
sion by hot electrons in the §n:Ga 4/As channel of a At a sufficiently high positive collector bias, the electron
complementary charge injection transist@HINT).2 The  energy distribution in the channel is strongly affected by the
complementary CHINT is shown to be particularly suitable
for studying the emission mechanism. The absence of a top

gate in the device structure and the position of the hot-carrier souce | drain 4E=0.21 6V AE,=05 eV

light emission spot only a few hundred angstroms below the . M ekl o

surface, avoids the problems of reabsorption of the light, 4m .nm\e—@//ntmn ©

allowing one to detect smaller signals unaffected by the isum| mass o s } ot oy

wavelength-dependent attenuation. b : =L -
Samples used are complementaryn-channel 100nm| _inGans P30 solector

CHINT implemented in lattice matched =~ 200mm| s p10° | e

Ing 53Gay 4AS/INg 5Al g 4gAS heterostructure material grown Tpm| Al p10"

by molecular beam epitaxMBE) on InP substrates. A sche- InP substrate EEF E,
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FIG. 1. Cross section of the complementary charge injection transistor
structure and its equilibrium energy-band diagram. The downward arrow
9Present address: State University of New York at Stony Brook, Stonyindicates the RST flux of holes, created by impact ionization, for a bias
conditionVps>0=V 5. The doping is in units of cAP.
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FIG. 2. Room-temperature current-voltage characteristics of the device. The PHOTON ENERGY (eV)

heating biad/pg is varied at different collector bias&.s<0 V. The dashed

line shows the reverse currehip, of the collect-drain junction, measured

with the source floating. FIG. 3. Room-temperature photon counting of the emitted light as a func-
tion of energy at variou¥pg for V=0 V. The effective electron tempera-

RST, which efficiently removes electrons with energy above;t;rg\i;e extrapolated from the slope of the spectcantinuous lines are
the conduction band discontinuity between channel and bar-
rier, AEc~0.5 eV. In contrast, if the collector is grounded,
the RST of electrons from the channel is suppressed by theire, the complementary nature of the collector layer sup-
built-in electric field of the collector-to-channph junction,  presses the drain-collector leakage, permitting to apply
which increases the effective barrier heightlig~1.1 eV, as  higher drain bias.
shown in Fig. 1. Therefore, fo¥-s=0 V and indeed for The optical setup used in the present work is described
Vs<0 V, electrons are confined in the channel and, heateth Ref. 1. Figure 3 shows the room-temperature emission
by the drain field, can gain energy far abavE-. The RST spectra with the device biased ¥ts=0 V and different
process, therefore, no longer prevents impact ionization andrain bias:® The intensity of the emitted light increases with
generation of holes in the pinch-off region near the drainincreasing drain voltage. At energies higher than 1.5 eV all
These holes drift towards the source, and, heated by the sampectra exhibit an exponential tail whose slope decreases
electric field that is responsible for the impact ionization,with increasing drain voltage. At low photon energy, the
undergo RST over the valence-band barrigE, ~0.2 eV.  slope of the spectra decreases. Similar results were also ob-
The built-in electric field of thepn junction, that suppresses tained forVes<O0 V.
the RST of electrons, also helps the RST of holes. The re- In order to correlate the luminescence spectra with the
sulting negative collector curreit, is proportional to the hot-carrier energy distribution it is necessary to ascertain the
concentration of impact generated holés. mechanism responsible for the light emission. The two rel-
With Ves<0 V the complementary CHINT behaves evant candidates are: radiative recombination between the
like a depletion-mode field effect transistor FET, with the conduction and the valence band and intraband radiative
collector layer playing the role of a gate. Figure 2 shows thdransitions which involve only one type of carrier. In the
typical drainlp and collector current characteristics as aformer case the light intensity is expected to be proportional
function of the drain voltage/y at different negative col- to the product of the electrons and holes concentration, while
lector biases. For a high drain biad/ps=3 V) the RST of in the latter the intensity is expected to be proportional to the
holes created by impact ionization in the channel results in @oncentration of either electrons or holes. In either of these
negativel .. This current increases with increasifgs and  two cases, to generate photons with energy well above the
becomes several orders of magnitude larger than the reverferbidden gap of Igs8Ga 4AS, the emission must occur in
current | .pg of the drain-collector junction measured with the high field region of the channel.
the source floatingshown in Fig. 2 by a dashed lineThe At electric fields, high enough to cause impact ioniza-
impact ionization current, as monitored hy, decreases for tion, the drift velocities of both electrons and holes are satu-
higher negative collector voltages since the channel electrorated andly is proportional to(nvg+ pv's‘),where n and
density is reduced by the field effect. p are, respectively, the electrons and holes concentration in
For the purpose of studying the hot-carrier lumines-the high field region of the channelf is the electron satu-
cence, the complementary CHINT, due to its inverted layeredation velocity, and;'s‘ is the hole saturation velocity. At our
structure with the “gate’{collectop below the channel, has a operating biases, the contribution of impact generated holes
clear advantage over standard heterostructure field-effeto |, can be neglectetf. In fact, the transistor is still far
transistor (FET9. The down-gate disposition avoids the from breakdown as is evidenced by the absence of an expo-
problems of light absorption in the gate, allowing us to detecnential increase ofp in Fig. 2.
smaller signals. Even more importantly, the down-gate dis- In Fig. 4 we compare the light intensity, integrated
position allows the measurement of luminescence spectra uver the 1.1-2.5 eV energy range, with, I, andl¢
affected by the wavelength-dependent attenuation due to thel,, as a function ofV.g at a fixedVps=4.5 V. Similar
gate absorption. Finally, if compared with a unipolar struc-correlations were obtained for allg values ranging from

Appl. Phys. Lett., Vol. 66, No. 11, 13 March 1995 Mastrapasqua et al. 1377



realistic band structure for §RGa 4/AS material and the

0 proper matrix elements for each transition, we may be able to
- identify the prevalent light emission mechanism and to de-
%0 termine the exact correlation between the photon spectra and
o the electron distribution functiohHowever, assuming that,
30 for energy greater than 1.5 eV, the electron density of states
o is constant and the matrix elements for the radiative transi-
220 tion are energy independent, the electron energy distribution
N is directly related to the photon spectraith these assump-
%10 tions, an effective electron temperatufg, that increases
Q with Vpg from T,=900 to 2200 K, can be extracted from the

0 high energy exponential tails of the light spectra in Fig. 3.

In conclusion, we have studied the light emission of hot
electrons in the Ips4Ga, 47AS transistor channel of a comple-
mentary CHINT in the condition of impact ionization. Tran-

) o ) sitions of hot electrons within the conduction bands are iden-
Tf'g'sco"ecmr biagVcgdependence of: light intensity (tegrated over  yigoq aq the mechanism responsible for the light emission.
.1-2.5 eV energy rangecollector current -, drain currently, and the . . L.
product Ipx 1. All the quantiies are normalized to their respective 1N€ slope of the tail of the luminescence spectra indicates an
values atVeg=—1.5 V. effective electron temperature as high as 2200 K.
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Thus, we identify the transition of hot electrons within 25jnce the luminescence signal for the two lowest drain hias=3.0 and
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the luminescence spectra. These transitions may be eithembiases are reported only for photon energy greater than 1.6 eV.
direct or assisted by phonons or impurities. Our experimentdﬁhe onset of a pronounced minority-carrier RST occurs at much lower

data alone do not allow us to discriminate among these pro- fi€lds than that required to produce enough impact ionization to be mani-
fested in the drain characteristics. This can be seen with particular clarity
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simulation of the electron distribution function, including a ported for the first time.
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