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Voltage-controlled sharp-line electroluminescence in GaAs-AlAs double-barrier
resonant-tunneling structures
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Highly resolved, acceptor-related sharp-line electroluminescence spectra in large area GaAs-AlAs double-
barrier resonant-tunneling structures are reported. Excitation of the lines is achieved by voltage-controlled
tunneling in the bias range for tunneling into the lowest heavy-hole state of the quantum well of the double-
barrier structure. The sharp-line spectra are observed at low levels of current injection and are attributed to
recombination of holes localized at acceptors at different monolayer planes in the 66-A-wide quantum well,
from well center to well edge, with electrons localized at potential fluctuations within the well.
[S0163-182698)50232-9

The linewidths of photoluminescendeL) or electrolumi- The results bear similarities to PL spectra excited with a
nescenceéEL) spectra in quantum wellQW’s) are normally  ~1-um laser spot reported by Zrennet al?® in type-li
dominated by inhomogeneous broadening arising from wel5aAs/AlAs QW's. In that case sharp lines20-40 meV
width or other potential fluctuatiodlsHowever, it has re- below E1-HH1 were observed, as in the present work, and
cently been shown that the contribution of discrete Iocalizec¥"ere ascribed to recombination at quantum dotlike, interface
states can be resolved by the use of focused laser spots J)L';ctuatlons in the 30-A QW. The energy range of the spectra

—1-um diamete This stronaly reduces the effects of spa- &S ascribed to fluctuations in well width by up to two
M . ' . gy . | SPe monolayers, corresponding to a change in electron energy of
tial averaging, and permits the observation of recombinatio

ave! - - ) A 8 meV for a 30-A QW. Furthermore, the energy spacing
at individual quasi-zero-dimensional localized states. between the sharp lines was consistent with a lateral size for
We demonstrate here that selective excitation of sharpthe fluctuations of-1000 A. By contrast in the present struc-

line EL can be achieved from voltage-controlled charge intures with a 66-A QW, a two-monolayer change in width
jection in large area GaAs-AlAs double-barrier resonant- corresponds to only a 10-meV change in energy, making the
tunneling structureéDBRTS) embedded irp-i-n junctions.  involvement of acceptor-related localization, expected from
Up to 30 lines are observed in a 40-meV energy range prethe growth, essential to explain the energy range of the spec-
dominantly in the spectral region of electron to neutral act'a:

i ; Experiments were carried out 2 K on two DBRTS in

ceptor (e-R) transitions in the QW of the DBRT3The AR
sharp lines are observed at low currents in the region oP"[n Julnctt;ons(Tab_le ). The samglgfé and B), gr?wn by

t tunneling into the first heavy-h@l#H1) confined molecuiar beam epitaxiMBE) at 6 are two of a series
resonan X o tudied in Ref. Gsamples C and B of Ref)6The structures
Ieve_ls of_the QW. The_: tunneling process Ieads_to |_nject|on Olvere grown on(100) substrates in the ordey™, intrinsic
carriers into the Conflneq states of the QW with little Orno(j) n* to facilitate doping of the upper ABa,_,As con-
excess energy. The carriers relax from HH1 to the relativelytacts, employed to ensure efficient transmission of EL out of
low-lying defect levels and give rise to the EL. The spectrathe structure. A by-product of this growth procedure is that
are observed in DBRTS grown under conditions that favorge acceptor diffusion from the lowgr* GaAs into the QW
acceptor incorporation into the QV§’aind are attributed to may occur unless very wide spacer layers are employed.
recombination of holes localized at acceptor levels, withSample A has the widest spad@00 A) in Ref. 6, while B
electrons localized in the QW’s. The occurrence of sharfhas a 150-A spacer. We concentrate here on sample A, since
lines is attributed to the differing binding energies for accep-t shows the best resolved spectra. Sharp lines are also ob-
tors located on the distinct monolayer planes within theserved for sample B, but less well resolved, probably due to
Qw./ acceptor interaction effects.
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TABLE |. Layer composition of devices.
Material Thickness Doping (cm)
GaAs 250 A n=2x10'
Al 3 Gay gAS 1 um n=1.3x10' 0
GaAs 500 A n=2x10'® <
GaAs 350 A n=1x10% g
GaAs 80 A Undoped ~";
AlAs 50 A Undoped =
GaAs 66 A Undoped 3 E1-HH1
AlAs 50 A Undoped f 1616V /
GaAs 300 A(A), 150 A(B) Undoped §
GaAs 1000 A p=5x10' 9
GaAs 1000 A p=1x 108 £
GaAs 3um p=2x10' g
GaAs Substrate n=2x10'® -
The EL was dispersed by a grating spectrometer and de- 1.596V
tected with a charge coupled device array. Compared to Ref. 154 186 158 160 162 164

6, the setup has-10° times higher sensitivity, permitting Energy (eV)

observation of the new spectra that are only visible at low

injection. Mesas of 20@:m diameters were studied with FIG. 2. Sharp-line electroluminescence spectra for sample A as
metallized finger contacts on the top surface. These contacgsfunction of bias from 1.596 to 1.616 eV. Excitation of sharp peaks
enhance the visibility of the sharp lines, possibly due to curio progressively higher energy with increasing bias is observed.
rent injection in small regions. Nevertheless, sharp lines on a

stronger monotonic background were also detected with amw. 1-V characteristics are shown in Fig(bL Clear reso-
nular contacts. A schematic band diagram is shown in Fignances are observed due to tunneling into the HH1, light

1(a). Under forward bias electrons and holes accumulatgge 1 (LH1) and E1 levels at 1.590, 1.655, and 1.705 V,
close to the left- and right-hand barriers, forming two- regpectively?

dimensional(2D) layers from which carriers tunnel into the

n-type E1

HH1 I>~
(a) LH1 p-type
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Bias (V) FIG. 3. As in Fig. 2, but with spectra from 1.63 to 1.65 V. For

biases greater than1.636 V, the E1-HH1 excitonic recombination
FIG. 1. (@) Schematic band diagram of the double-barrier has intensity comparable to that of the sharp-line spectra, and domi-
resonant-tunneling structures under bias in the region of the heavyrates the spectra for biases greater than645 V. Inset-selected
hole 1 tunneling resonancé) Current-voltage characteristics of sharp-line peak positions as a function of magnetic field from 0 to
sample A. 14 T.
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EL spectra in the bias range from 1.596 to 1.616 V in the
region of HH1 are shown in Fig. 2, with spectra to higher
bias close to the onset of LH1 in Fig. 3. At1.596 V sharp-
line EL is first observed, superimposed on the high energy
tail of the GaAs band-edge EL. The lines have widtf.3
meV, close to the spectrometer resolution. With increasing
bias, lines to progressively higher energy are observed, the
high energy cutoff of the lines occurring, e.g., at 1.594 eV
for a bias of 1.616 V. The fact that the cutoff agrees within
20 meV with the bias shows that holes are injected into HH1
with very little excess energy relative to the highest energy
defect line. The holes relax from HH1 into the lowest energy
states available, with the energy of the highest line observed
increasing with bias as the current increases and the lower
energy states become filled. Recombination of the trapped
holes then occurs with the low density of electrons that tun-
nel from the electron accumulation layer into the wall/ith
increasing bias, the intensity of a particular line increases and
then saturates, showing that a fixed number of centers con-
tributes to each line. When significant current floas uA)
first occurs at~1.645 V at the onset of LH1 tunnelingig. e ASWY
3), the E1-HH1 excitonic peak at 1.614 eV rapidly increases 1.55 1.56 1.57 1.58 1.59 1.6 161 1.62 1.63
in intensity and then dominates the specfrin addition, at Energy (eV)
higher currents, the sharp lines become significantly less well
resolved. FIG. 4. Electroluminescence spectra for sample B at biases of

The peak of the distribution of the sharp-line EL occurs1.59, 1.60, and 1.61 V. The structure in the range from 1.55 to 1.56
~28 meV below E1-HH1, close to that expected (Bf.-A°) eV, attributed to acceptor pairs, is stronger and less well resolvc_ed
recombination in a 66-A QW .The binding energy of a car- relative to the s_ingle acceptor l_.575 to 1.585 eV structure th_an in
rier to an impurity in a QW is expected to be dependent orsample A, consistent with the higher expected acceptor density.
the impurity location in the QW, peaking at the center and
decreasing in a discrete fashion for monolayer planes fromvalue forp of ~7.5x 10% is obtained. Although this estimate
the center to edgé.For the present 66-A QW the hole- is rough, and may be an overestimate since recombination
binding energy E,) to Be acceptors at the center of the QW also occurs in the GaAs contacts, it shows that any particular
is expected to be 36 meV, decreasing~t@1 meV at the line almost certainly arises from the excitation of many cen-
edge!! For a uniform distribution, the density of acceptor ters.
states is a maximum at an energy corresponding to the on- In spite of the large number of centers contributing to
center binding energy36 me\). Thus the e-A recombina- each line, we propose that sharp lines are nevertheless ob-
tion is expected to peak 36 meV below the E1-HH1 freeserved since the recombination energies from the many Be
particle transition. After allowing for an exciton binding en- acceptors on a give(l00 plane are the same as a result of
ergy of 9 meV!? the e-A peak is expected 27 meV below the well-defined acceptor energies for the lattice sites from
E1-HH1, in good agreement with the energy differef28  well center to well edgé.This argument assumes that the
meV) between the peak of the sharp-line intensity distribu-acceptors are isolated; acceptor interaction effects, which
tion and E1-HH1(Figs. 2 and 3 This correspondence of would perturb the energies, are highly unlikely given the
energy provides clear evidence for the involvement of accepacceptor densify(N,) in the well of ~10° cm™2, and con-
tors in the sharp-line spectra. A major contribution to thesequent average separatiorl000 Al® For a 66-A well
energy range of the spectra then very likely arises from thehere are 23 distinatl00 Ga planedthe degeneracy of the
variation of hole-binding energyH,) with position in the left and right halves of the QW will be lifted by the electric
well. The decrease iR, from 36 to 21 meV from the center field), reasonably consistent with the numhkerl5) of the
to the edge of the QW is able to account for the occurrencenost prominent sharp lines. Furthermore, the number of cen-
of sharp-line recombination in the rangel.585—1.600 eV. ters contributing to each linepE 7.5x 10%) is close to the

It is likely that a large number of defect states contributesnumber of acceptorsnf,) per plane in the QW. For a
to each line for these large area samples, in contrast with th200-um device, a QW of 23 planes, afd,=10° cm 2,

PL of Ref. 3 where 1um areas were investigated. The num- m,=1.3x 10%, close to the value op, supporting strongly
ber of states contributing to each line can be estimated fronthe model for the origin of the individual lines as arising
the increment in currentXl) leading to excitation of one from large numbers of acceptor impurities on particular
line. For example, the line at 1.59 eV is excited to its full monolayer planes.

intensity for aAl of 1.2 4A, as the bias is increased from  To investigate further the origin of the lines, magnetic-
1.608 to 1.616 V. Assuming all the current is radiative, thefield (parallel to the curreftstudies were performed. Results
number of carrierg injected into the well for the change of for some of the prominent lines are shown in the inset to Fig.
currentAl can be obtained fromp= 68l 7z/e, whererg (~1 3. All lines exhibit similar behavior, with a diamagnetic shift
ng is the radiative recombination time. Fal =1.2 uA, a  of ~7 meV from 0 to 14 T. This demonstrates that both the

E1-HH1

1.61V

Electroluminescence intensity (arbitrary units)
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hole and the electron in the recombination are localized, previously in sharp-line PL spectroscopy® The hole bind-
since if free electrons were involved a shift to higher energying energy to these centers wagt5 meV[compared to 27

of 1/2hw.=11.6 meV at 14 T would be expected. The elec-meV (Ref. 17 for isolated acceptofs This increase irE,

tron localization most likely occurs at interface potential between isolated and paired acceptors in GaAs is qualita-
fluctuations® A two-monolayer fluctuation in width corre- tively consistent with the increase B, deduced from the
sponds to~10-meV change in energy, and provides the ad-energies of the 1.585 e{88 me\) and 1.565 eM58 meV)
ditional localization energy to account for the sharp lines inpeaks in intensity, supporting the pair attribution. The in-
the range~1.575-1.585 eV. At the relatively low levels of volvement of acceptor complexes in the lower energy spectra
electron injection ¢ 10" cm 2 or less at the HH1/LHhole is supported by the results in Fig. 4 for sample B that has
resonancesand at the low experimental temperatures, elec150-A spacer as opposed to 300 A in sample A. Qualitatively
trons are only likely to populate the lowest energy statesimilar spectra to Fig. 2 are found, but with the lower energy
available and thus do not contribute significant extra broadlines at 1.55-1.56 eV of greater intensity than the group
ening to the spectra. As the current is increased the spectpeaking at~1.58 eV. This is consistent with the attribution
do broaden as mentioned aba¥g. 3); this may arise from to pairs of the 1.55-1.56 eV features, for this sample of
population of a wider range of electron states or from carriersmaller spacer thickness and hence higher expected acceptor
carrier interaction effects, as discussed in Ref. 14. concentration.

The above model accounts semiquantitatively for the In conclusion sharp-line spectra have been reported in
dominant features in the spectra. However, there are sha@aAs-AlAs DBRTS, grown under conditions that favor ac-
lines from 1.56 to 1.57 eV that cannot be explained by thisceptor incorporation in the QW active regions. The spectra
model. Their most likely origin is the recombination of holes have been attributed to the recombination of holes bound to
localized at acceptor pairs. The average separation betweagceptors located at positions varying from well center to
acceptors is largé>1000 A), and so for a random distribu- well edge, with electrons also localized within the well. Each
tion the formation of a significant density of interacting pairssharp line has been shown to arise from a large number of
is highly unlikely. However, preferential pairing of acceptors acceptors on a particular plane. Lower energy spectra have
during MBE growth of GaAs thick layers has been reportedbeen ascribed to acceptor pairs.
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