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Cross-barrier recombination in a GaAs/AlGaAs double-barrier resonant
tunneling structure
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Department of Physics, University of Sheffield, Sheffield S3 7RH, United Kingdom

G. W. Smith
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(Received 28 December 1995; accepted for publication 16 February 1996

We report the observation by photoluminesce(fle) spectroscopy of cross-barrier recombination
between spatially separated two-dimensional electron and hole gases confined respectively in the
guantum well(QW) and collector accumulation layer of a GaAs/AlGaAs double-barrier resonant
tunneling structure. At the onset of time=3(E3) resonance in the current—voltage characteristic,

the energy of the cross-barrier transitigg is found to coincide with that of the PL peak arising

from recombination of electrons from tH€3 confined level in the QW witm=1 confined hole

stateg E4, recombination Similarly, at the onset of thE4 resonancek ., ~E 4. We show that this
behavior arises as a consequence of the symmetrical potential distribution within the structure at the
onsets of the resonances. 96 American Institute of Physids$s0021-897¢06)07110-3

Optical spectroscopy is well established as a powerfubptical access. All measurements were taken with the
probe of vertical transport in semiconductor heterostructuresamples immersed in liquid helium at 2 K. Analysis and
In particular, photoluminescenddL) and electrolumines- detection of the very weak excited state and cross-barrier
cence(EL) spectroscopies have been successfully used tltuminescence signals were facilitated by means of a high
study tunneling™ and ballistic transpotf in single- and  stray light rejection triple-grating spectrometer fitted with a
double-barrier tunneling structures. In double-barrier resotiquid-nitrogen-cooled charge-coupled-devi@CD) detec-
nant tunneling structure€@BRTS), optical spectroscopy is tor array. PL was excited by a HeNe laser using a power
usually employed to investigate recombination between cardensity of about 1 W cit?, which produced negligible per-
riers in the quasiconfined electron and hole states of theurbation of thel -V characteristics. The structure displays
quantum well(QW) of the device. Such experiments yield resonances in—V at forward biasegtop contact positive
direct information on the absoldtend relativé® popula-  relative to substrajeof 0.05, 0.18, 0.40, and 0.68 V, due to
tions of the QW levels, and on the nature of the tunnelingelectrons tunneling from the emitter into tiel, E2, E3,
process:® In this communication we report the investigation andE4 confined QW levels respectively. The 2/1kV char-
by PL spectroscopy of spatially indirect recombination of acteristic in the bias range of thE2—E4 resonances is
confined QW electrons with holes in the collector accumulashown in Fig. 1a).
tion layer of a conventional, symmetric DBRTS. Similar Under forward bias, photocreated holes from the top
cross-barrier recombination has been previously reported iRgntact of the structure tunnel into tie= 1 (HH1) level of
single® and triple’ barrier structures, and also in a highly the QW where they recombine with electrons in the ground
asymmetric DBRTS, specifically designed for enhancedyng excited QW confined states to generate PL. Analysis of
overlap of the spatially separated wave funct_lﬁﬁ’she Study  the intensities of the PL arising from the various QW transi-
of such transitions provides a means to obtain detailed inforggns allows the relative populations of the confined electron
mation on the potential profile within the structure, and alsQgyels 1o be determined, as discussed in detail in Refs. 3 and
to investigate coupling between confined, spatially separated pe to the predominantly sequential nature of the tunnel-
electron and hole gases. . ing proces$™® the most intense PL arises frofl—HH1

'I;he DBRTS was grown by molecular-beam epitaxy ong ) recombination, even when the structure is biased for
ann” GaAs substrsate, a;nd comprised the foIIow;ng I""%/ersl‘[unneling into excited electron states of the QW.

0.5 umn=15x10" cm * GaAs; 0.5um n=2x 10" cm Figure 2 shows a series of PL spectra in the 1.58—1.70
GaAs emitter; 100 A undoped GaAs spacer; 85 A undoped, region, obtained at biases in the range of #8eandE4

Al 34Ga6/As barrier; 200 A undoped GaAs QW; 85 A un- | osnances. The strongest features in this region arise from
doped Ab 3G sAs barrier; 100 A undoped GaAs spacer; g3 1 (E,) and E4-HH1 (E,y) recombination. These
0.75 pm 8n=%§< 107 cm ™ GaAs collector; 0.25um peaks are approximately 4@mes less intense than tlig,,
n=1x 1(.)1 cm GaAs top con_tact. The structure was pro- PL. For all biases beyond the onset of 4 resonance, the
cessed into circular mesas with annular contacts to alIOVYntensityl4 of the E, line is similar to that of theEy, line

I3, with 1;3<1, at around 0.5 V. This observation, which
?Electronic mail: j.cockburn@sheffield.ac.uk occurs despite the fact that thg, transition has the greater

YPresent address: Department of Electrical Engineering and Electronic ; ; i
UMIST, Manchester M60 108, United Kingdomn. Oscillator strength throughout the bias range of the experi

9Present address: Laboratoire de Microstructure et Microelectroniquer,nentv IS @ consequence of a pOpU|at|0n |nver_5|0r_1 which oc-
CNRS, 196 av. Henri Ravera, 92225 Bagneux Cedex, France. curs betweerE4 and E3 when the structure is biased for
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FIG. 1. (a) 2 K current—voltagel(-V) characteristic of the structure, show-
ing E2, E3, andE4 electron tunneling resonancék) Measuredsymbolg
and calculatedsolid lineg energies of théy, E4pn, andE, transitions vs
bias.

"""""" 4 HHaec

. oL . FIG. 3. Schematic band diagram of the structure biased at the onset of the
tunneling into E4. This is discussed fully in Ref. 4. The E3 resonance, showirfs, andE1-HH,,. cross-barrier recombination. The

signal to noise ratio of the spectra in Fig. 2 is considerablyE2 level has been omitted for clarity.

greater than for those presented in Ref. 4, due to the high

stray light rejection and sensitivity of the spectrometer/ ) . . ,
detector system used in the present work. This enables tH&®Lo~36 meV in GaAs. The primary feature of interest in
line shapes of the excited state peaks to be observed in mudfi¢ Present work, however, is the fe?ture labetiedin Fig.
greater detail. For instance, near the peaks offBende4 2 In contrast to theEqy, Egp and By, peaks, which de-
resonances i -V, the Eq;, and Egy, lines develop pro- Crease in energy due to the quantum confined Stark effect as
nounced exponential high-energy taiiss seen in Fig. 2 bl_as is mcre_aseol_icr moves to_progresswely_ higher energy
indicative of recombination between thermalized carrierVith increasing bias. This indicates thi{, arises from re-
populations having effective temperatures greater than th&°mbination between spatially separated electron and hole
of the lattice® distributions, the transition energy increasing as the potential

This increased sensitivity also permits the observation oflifference between the electron and hole states is raised. In
the weak features Iabeleﬁjm andE,, in Fig. 2. E%,, emerges the DBRTS studied, such a transition could occur between
cr - £

at the onset of théz4 resonance in—V, and is approxi- either

mately 36 meV lower in energy thaB,,, irrespective of (a) electrons from the emitter region and holes from the

bias. This peak is identified as a LO phonon satellit&E g confined HH1 level in the QWE,.sHH1 recombina-
tion) or

(b) electrons from theEl QW level and holes from the
collector accumulation layeE1-HH,..recombination,

0.28V
\/\"\-——— 0.26V

156 1.60 164 1.6 1.72
Energy (eV)

see Fig. 3
The attribution toE,.sHH1 recombination can, how-

z ever, be excluded from consideration of the physics of the
S 0.60V resonant tunneling process. For example, as the bias is in-
£ 0.48V creased from the onset to the peak of B resonancek,
= 044V peak moves by approximately 40 meV to higher engfy.
2 0.40v 1(b)]. If the E,.sHH1 attribution were correct this implies a
E | Esin By, movement of the QW levels relative to the emitter by 40
= 7 036V meV also. The precise nature of the emitter states from

032V which tunneling occur$three dimensiona{3D) or two di-

mensional2D)] is not known. However, if the emitter states
are predominantly 3D, then for 3{@mittep —2D (well) tun-
neling, theE3 level cannot move relative to the emitter by
more than the emitter Fermi enerfy over the bias range of
the resonanc¥. E is only equal to~18 meV, as determined

: - 7 am-3
FIG. 2. PL spectra obtained in the 1.58—1.70 eV energy range for biaseBY the emitter doping level of 210" cm™3, and thus the

between the onset of tHe3 resonance and the peak of thé resonance.
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—2D (QW) case, true resonant tunneling with conservation ofg,, — E = (eV,.— €;) + (HH1—HH ) +e(Ve— Vo). (1)
energy and lateral momentum only occurs whenHEBdevel
is aligned with the confined 2D level in the emitter accumu-  The calculations give V,..=40 meV ande; =37 meV at
lation layer!! The structure remains on resonance over dghe onset of thée3 resonance, and theV,.~¢,. Further-
finite range of bias due to space charge buildup in the QW ofnore, at the onset of the resonance, with-0, the electric
the DBRTS;E3 remains pinned in energy relative to the field in the structure is constant and we expégtV,, and
accumulation layer, together with the rest of the QW levelsalso HHE=HH, . (=29 meV in the calculations Thus, we
over the bias range of the resonance, thus precluding thexpectEs,—E,~0 at the onset of th&3 resonance, as
E..cHH1 attribution for the 2D—-2D case al$®. observed. Similar reasoning explains the coincidencg pf
The E1-HH, . attribution forE,, is by contrast fully con- andEg4y, at the onset of th&4 resonance further substanti-
sistent with the expected variation of the potential distribu-ating our assignment d&.,.
tion within the device at both the third and fourth resonances. In summary, we have used PL spectroscopy to investi-
The observed energies for titgy;,, E,n andE,, peaks are gate cross-barrier recombination between electrons from the
plotted versus bias in Fig.()). The peak positions show E1 quantum-well level of a DBRTS and holes from the col-
excellent agreement with the results of Poisson—&thger  lector accumulation layer. When the structure is biased at the
equation simulations of the transition, indicated by the solidonsets of th&3 andE4 resonances, the energy of the cross-
lines in Fig. Xb). In the calculations, the electron density ~ barrier luminescence coincides with the peak positions of the
in the QW was taken to beX10" cm 2 and 1.5<10'*  Egy, and Eyy, transitions, respectively. We have shown that
cm 2, respectively, at the peaks of tHe3 and E4 reso- this arises as a consequence of the constant electric field
nances, and to vary linearly with bias from the onsets to thavithin the structure at the onsets of the resonances. The main
peaks of the resonanceé®® The QWE3 andE4 levels are  contribution to the variations of thE., peak position with
found to move relative to the emitter by less than 20 meVbias arises from the change in the potential drop across the
within the bias range of the respective resonances, consistegellector barrier. Analysis of the bias dependence offie
with the device remaining on resonance, as required. Thpeak position thus provides a sensitive method to probe the
space-charge buildup in the QW increases the potential dropotential distribution within a double-barrier structure.
over the collector barrier relative to that across the emitter ~ This work was financially supported by EPSRC, U.K.
barrier and leads to the stronger variationedf-HH, .. with ~ We thank P. E. Simmonds for very useful discussions.
bias relative tde,.sHH1, which in turn is consistent with the
device remaining on resonance. It is notable in both the ex-
periment and S|mglat|ons théi, decreases slightly in en- .1J. F. Young, B. M. Wood, G. C. Aers, R. L. S. Devine, H. C. Liu, D.
ergy when the device goes off resonance at 0.4 V. The physi-| angnheer, M. Buchanan, A. J. Springthorpe, and P. Mandeville, Phys.
cal reason for this is that when the device goes off resonance Rev. Lett.62, 1208(1989.
the charge buildup in the QW goes to zero, and the emitterM- S. Skolnick, D. G. Hayes, P. E. Simmonds, A. W. Higgs, G. W. Smith,
charge increases to maintain self-consistency. For a givgn;'. JL 'EZ?(:L’;Z‘;Z;’(;'ng'S’.Vglte:gﬁﬁ:y}bﬁsgfge“\fégig";'éﬁ'lgé;“ghes’
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crease in thél_HHacc Ee) energy' as observed. 453@52%3??1% M. S. Skolnick, D. M. Whittaker, P. D. Buckle, A. R. K
At thg onset biases of thg th|rd an(_j fourth resonapces,wmc'oxy and G, W. Sr'mth, Appl’. P'hys'_ Let6d, 24’00'(19'94). ER
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whereV,.. is the potential drop across the emitter accumu-8<13£-1 \7/22(1H;s;); J. Genoe, J. C. Portal, and G. Borghs, Phys. Re¥1,B
L?;L?;rla.)(.izsnr?;/éléitfzg {)hoetesnr::ZL%ronF])ez\i/():rg)?(?it:)hne beirr]]:;:[ter 9C. H. Yang, J. M. Carlson-Swindle, S. A. Lyon, and J. M. Worlock, Phys.
: ' Rev. Lett.55, 2359(1985.
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