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We have carried out an investigation by electroluminescéktg spectroscopy of hot-electron and -hole
transport in ap-i-n GaAs/Al 3:Ga gAs single-barrier tunneling structure at high electric fields150
kV cm™1). We observe EL arising from hot electrons in fhtype collector which reenter thé conduction-
band valley from thé. minimum. Analysis of the EL spectra provides an estimate of the relRtivescattering
rates by longitudinal and transverse phonon emission. In addition we observe EL due to recombination of hot
holes injected into the spin-orbit split-off valence band of théype emitter region. Measurement of the
pressure dependence of the EL spectra permits unambiguous identification of these spectral features.
[S0163-18296)05732-3

Hot-carrier transport plays an important role in the opera-of the EL spectra with pressure permits unambiguous attri-
tion of many semiconductor devices, such as Gunn oscillabution of the observed features. The structure was grown by
tors, heterojunction bipolar transistors, and avalanche photonolecular-beam epitaxy on an” GaAs substrate, and com-
diodes. In 1989, Petersen, Frei, and Lydemonstrated that prised the following layers: um n=1x10"® cm 3 GaAs,
electroluminescencéEL) spectroscopy could be used to 500 A n=1x10" cm 3 GaAs, 500 An=3x10% cm™2
study energy relaxation processes in hot-electron populationGaAs emitter, 50 A undoped GaAs spacer, 220 A undoped
in p-n GaAs/ALGa _,As heterostructures. Such hot- AI0_35GaO_673As barrier, 50 A undoped GaAs spacer, @B
electron EL spectroscopy has subsequently been used to de=1x10'" cm 2 GaAs collector, and 0.5um p=2x10'
termine ballistic lengths and conduction-band offsets incm 3 GaAs top contact. The wafer was processed into circu-
GaAs/AlLGa, _,As structureg,and to provide precise infor- lar mesas 200 or 40@m in diameter. Measurements were
mation on the nature of the tunneling process in single- andarried out with the samples mounted in a Unipress liquid
double-barrier structures?® In the present paper we report pressure cell, fitted with a sapphire window for optical ac-
the results of hot-electron EL experiments carried out to in-cess. Petroleum extract was used as the pressure transmitting
vestigate hot-carrier transport at high electric fields in amedium, and the pressure changed at room temperature. The
p-i-n GaAs/ALGa _,As single-barrier tunneling structure. cell was immersed in liquid helium and the luminescence
The structure has a 220-A-wide ﬂ@%ﬁfs barrier, al- from the sample was transmitted via optical fibres to a triple
lowing electric fields of up to 150 kV cn to be applied grating spectrometer fitted with a liquid nitrogen cooled
without excessive current flow. This has enabled us to carrgharge-coupled-device detector array.
out the first spectroscopic study BfL intervalley scattering At forward biases in excess of the flat band voltage
in a semiconductor device under operating conditions. In adé~1.51 V at atmospheric pressiirelectrons(holeg are in-
dition, we observe clear evidence for quasiballistic holejected through the AlGa, _,As barrier into thep-type (n-
transport, and for the involvement of confined barrker type) region of the structure, where they recombine with ma-
states in the tunneling process. jority carriers to generate EL. By far the most intense EL

Experiments were carried out at a temperature of 4.2 Karises from near band-edge electron-hole and electron-
and at hydrostatic pressures of up to 12.5 kbar. The variationeutral acceptor recombination in tlme and p-doped re-
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FIG. 2. EL energy vs hydrostatic pressure for peaksB, C,

FIG. 1. Typical EL spectrum in the 1.7-2.1 eV energy range,andD in Fig. 1(a). Also shown is the pressure dependence of the
obtained at a bias of 2.225 V. The features shown are of the order @aAs band-edge EL.
10P-10 times less intense than the GaAs band-edge EL. The inset
illustrates the recombination processes that produce the EL featurels2 K, in excellent agreement with previous measurements
A, B, andC. by other worker§:”10:11

The above attributions of the EL features are further con-

gions, respectively. The EL features of interest in the preserfirmed by the pressure dependence of their peak positions,
work, however, occur in the 1.7-2.1-eV energy range, anghown in Fig. 2. Peak#, B, andC all display a pressure
are of the order of 18-10' times less intense than the near coefficient of 4.1-0.1 meV/kbar, as expected for states with
band-edge EL. Figure 1 shows a typical high-energy ELL symmetry'?'3In conventional PL studies of the pressure
spectrum, obtained at atmospheric pressure with a bias afependence of the conduction-band minima in GaAs, lumi-
2.225 V applied to the structure. The highest-energy peak imescence from thd. valley is not observed, since the
the spectruniE,,) arises from the recombination of ballistic conduction-band minimum is always at either héP<40
electrons with acceptor-bound holes in the collector regionkbarn or the X (P=40 kbaj point!® The present technique
The energy of this peak increases monotonically with devicerovides a method to measure directly the pressure coeffi-
bias. By contrast, the peak positions of the other spectratient of theL valley in GaAs by luminescence spectroscopy.
features are bias independent. We attribute the peaks labeled The role of the various phonon modes in intervalley scat-
A, B, and C in Fig. 1 to the recombination with neutral tering has been investigated theoretically by a number of
acceptors of electrons which reeniefrom theL minimum  workers*~1® Birman, Lax, and Loudolf calculated the se-
after having undergone intervalley scattering in the collectotection rules for scattering between theand L minima of
region (the origin of peakD is discussed below Similar  the Brillouin zone, and showed that in GaAs, only LA and
recombination of reentrant electrons has previously been LO phonons possess the correct symmetry to take part in the
observed in hot-electron  photoluminescencéPL) scattering process. Subsequent work has, however, shown
experiment$:” The origins of peak#\, B, andC are illus-  that when the initial or final state has a finite wave vector in
trated in Fig. 1. PeaB, at 1.79 eV, is the most intense of the I" (as it must in order for energy to be conseryatdenL-I"
three and arises from electrons which reerffewith the  scattering may proceed by the emission of transverse as well
emission ofL-point LA (Aw~26 meV) or LO (Aw~28 meV) as longitudinal phonon®:*® This is consistent with our re-
phonong The weaker pealk, 36 meV lower in energy than sults, and those of Mirliret al,® which clearly show that TA
B, is due to electrons from the above reentrant populatiorphonons are involved in thie-I" scattering process.
which emit a zone center LO phonon in thevalley before From our EL spectra we can estimate the relativ&'
recombining. The peak marked arises from electrons that scattering times by LO-LA and TA phonon emission. Since
have reentered with the emission oL -point TA phonons peaksB (LO-LA phonon emissionandC (TA phonon emis-
(hw~8 meV).? These identifications are consistent with thesion) originate from the samé population, their relative
bias independence of the peak positions, as the EL energi@stensity is given byl g/l .= 71/7_, wherer7 ! and 7 ! are
are expected to depend only on the energy separatityn theL-T" scattering rates by TA and LO-LA phonon emission,
of the I" and L conduction-band valleys. At atmospheric respectively. From our EL spectra we obtaifil~2077 1.
pressure our EL measurements givVeEy =324+4 meV at We observe no systematic variation of the relative scattering
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pressures of 10.8@), 11.8(4 ), and 12.5M) kbar. The results of
FIG. 3. (a) EL spectra showing the emergence of ¥eHH, .. envg_lope function calculations of the bias dependence of the peak
peak at pressures above 10 ki) Schematic band-edge diagram POSition at each pressure are shown by the Qi3 kbay dashed
to illustrate the origins of th&,-HH,.. ande-h, peaks. Tunneling  (11.8 kbaJ, and dotted12.5 kbay lines.
electrons(e,,) scatter into the lowest confineq, state in the bar-
rier and recombine with holes in the collector accumulation layer topgsition in all three samples, and therefore cannot arise from
produce theX,-HH,.. EL, while ballistic holes(hy,) are injected  ecombination of electrons in the barrier region.
into the spin-_orbit split off valence band in the emitter, from where The only other possible attribution of pedk is to the
they recombine to generate thehg, feature. recombination ofl" electrons in the emitter region of the
structure with holes in the spin-orbit split-off valence band
€ t(%-hso recombination Such recombination has previously
been observed in PL spectroscopy by Zakharchesya®

Our measurements therefore indicate that the deformatioH1 t_he p.resent experlmenF, the split-off vglgnce ban_dlln the
potential for L-I' scattering by TA phonon emission emitter is populated by high-energy ballistic holes injected

[DyL(TA)] is around 8 times smaller than that for longitudi- through _the barrier from thg hole accumulation layer on the
nal phonon emissiont - (L)]. This is in reasonable agree- P-type side of the structuféig. 3(b)]. The energy of peak
ment with the calculations of Zollner, Gopalan, andiS 355 meV above the band-edge EL, in very good agreement
Cardona® who foundDy, (L)~3Dy(TA). Further discus- with previous measurements of the spin-orbit splitting in
sions on the determination of intervalley scattering rates willGaAs:®*° The similarity of the pressure coefficient of peak
be presented in a future publication. D to that of the band-edge EL is consistent with the weak
We now consider the origin of pedk in Fig. 1(a). This  pressure dependence of the spin-orbit couptffd.The ob-
peak, whose position is bias independent, has a pressure cgervation ofe-hg, EL provides a potential means to study
efficient of 10.1 meV/kbar, very similar to that of the GaAs ballistic hole transport irp-i-n device structures.
band-edge luminescen¢#0.0 meV/kbar. This indicates un- At pressures in excess of 10 kbar, an additional EL peak
ambiguously that this peak arises from recombination of caremerges in the 1.895-1.920-eV energy raltgg. 3a)]. The
riers originating from thd" point of the Brillouin zone. Al-  origin of this feature is illustrated in Fig.(B). At these
though this peak is too low in energy to arise from band-edgdigher pressures the §d:Ga, ¢5AS barrier band gap is indi-
recombination in the Al;:Ga ¢As barrier[peak energy of rect, with theX conduction-band minima lying belol. A
1.87 eV compared withe (Al 3Ga gAS)~2.05 eV at at-  quantum well is thus formed in thé conduction-band pro-
mospheric pressutesamples having 30% and 40% Al bar- file of the structure, leading to the formation of quasicon-
riers were studied in order to investigate the possibility offined X, and X, states in the barrier. Electrons tunneling
peak D arising from recombination of electrons at tlhie from the emitter accumulation layer scatter into the confined
minimum in the barrier with either holes from the collector X states and then relax to the lowest state from where
accumulation layer, or with deep impurity states. Within ex-they recombine with heavy holes from the collector accumu-
perimental error, peal® was found to be in an identical lation layer to generate E(X,-HH,.. recombination

rates with either bias or pressure. The scattering rate du
the emission of intervalley phonons of eneryy is related
to the L-T' deformation potential ) by'’ 7 '«D 2 /fiw.
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Due to the spatial separation of the electron and HE..  the recombination with neutral acceptors of electrons which
hole wave functions, theX,-HH,.. transition energy in- reenter thd’ conduction-band valley from the minimum in
creases with bias. The bias dependence ofxtheiH,..EL  the collector, with the emission df-point longitudinal and
peak position for pressures of 10.3, 11.8, and 12.5 kbar iyansverse phonons. From the relative intensities of the EL
plotted in Fig. 4. The observed peak positions are in verypeaks, we estimate that the intervalley scattering rate by lon-
good agreement with the results of envelope function calcuditudinal phonon modes is-20 times greater than for scat-
lations of the transition energies, also shown in Fig. 4. Thd€ring by transverse acoustic phonon emission. We also ob-

transition energies were calculated as a function of electri$€ve EL arising from recombination of hot holes, which are

field in the barrier, using Shubnikov—de Haas—like magnelnjected from the collector accumulation layer into the spin-

totransport measuremefitso calibrate device bias against OrPit Split-off valence band of the emitter region. The attri-
electric field. The importance of confinédstates in tunnel- bution of all these features is confirmed by measurements of

the pressure dependence of their peak positions. At pressures

ing through indirect band-gap AlAs barriers has been Clearh&eyond 10 kbar, luminescence is observed arising from re-

demonstratengtgén %reé/tous V\;Ol’k bg@/_m}eans of ttransEor ombination of electrons from quasiconfin¥d states in the
measureme an SPECIroScopy.1he present Work ;i gjract band-gap barrier with holes from the collector accu-
shows that at high electric fields, such states can also bgation layer.

involved in tunneling through AGa, _,As barriers when the

X minimum lies only slightly below” (we calculate thd™-X This work was supported by the Engineering and Physical
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tical transport at high electric fields in a GaAs{AlGa, ¢As  Poland. We thank D. C. Herbert and S. Zollner for useful
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