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Photoluminescence spectroscopy of intersubband population inversion
in a GaAs/Al,Ga; _,As triple-barrier tunneling structure
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We have used interband photoluminesce(fee) spectroscopy to demonstrate the occurrence of an inter-
subband population inversion in a GaAs/@&k, _,As triple barrier structure containing asymmetric coupled
quantum wells. The relative populations of the=1 (E1) andn=2 (E2) electron subbands of the wider
quantum well(QW1) are deduced from the relative intensities of the PL peaks arising from recombination of
theE1 andE2 electrons. A significant population inversion is obtained betvE2andE1 when the structure
is biased so theE1 is in resonance with the=1 (E1*) level of the narrower quantum welQW2). The key
importance of the interwell resonance in achieving population inversion is confirmed by comparison with PL
results from structures in whicB1-E1* alignment does not occurS0163-18208)03608-X

There is currently considerable interest in the study oftime scale shorter than the intersubband scattering time
midinfrared (IR) sources based on electronic intersubband~1 ps)!' Since E2 electrons must tunnel nonresonantly
transitions within the quantum wellQWs) of semiconduc- through a relatively wide region comprising the intermediate
tor low dimensional structurés? Continued development of and collector barriers and QW2, tiiE2 escape time is sig-
such devices requires a soundly based understanding of timficantly longer. Such structures therefore provide the short
effects of changing design parameters on the intersubbar@l lifetime necessary to achiede2-E1 population inver-
population kinetics. Techniques such as differential absorpsion, while maintaining a high density &2 electrons avail-
tion spectroscopy and photocurrent spectroscopy have prable for intersubband transitions.
vided useful information on the bias and doping dependence In the present paper we concentrate on the results of in-
of intersubband transition energies and line shapes in quaterband photoluminescend¢®L) experiments on a TBRTS
tum cascadéQC) intersubband emittefs> However, these with QW1 and QW2 widths of 66 and 33 A, respectively
experiments have not addressed one of the most fundamen{@6/33 structure Poisson-Schidinger calculations for this
issues, namely the dependence of the relative subband popstructure predict thé&€1 andE1* levels to be energetically
lations on device design and operating conditions. aligned when the device is biased for tunneling into B

In previous work—® we have shown thahterbandlumi- QW1 state. A strong enhancement of thg/n, population
nescence spectroscopy may be used as a direct, quantitatikagio is therefore expected to result. Analysis of the relative
probe of electron subband populations. We have demorintensities of the PL peaks arising from recombinatiorE f
strated the dependence of ground and excited state populand E1 electrons with heavy holes from the=1 (HH1)
tions on tunneling rates and intersubband scattering rates QW1 state confirms this prediction, indicating a significant
double barrier structures, and shown that intersubband popintersubband population inversion at thé-E1* resonance
lation inversions can be obtained in appropriately designethias. Comparative experiments on structures in which the
devices®? In the present paper we extend the technique tdQW ground states are not expected to be in resonance show
the study of subband populations in triple barrier resonanthatn,>n, at all biases, confirming the key role played by
tunneling structures(TBRTS) incorporating asymmetric the interwell resonance in achieving population inversion.
coupled QWs. Such structures are very similar in concept tdhe results clearly demonstrate the ability of interband PL

the active regions of the vertical transition QC la%er. spectroscopy to provide detailed, quantitative information on
A schematic band-edge diagram of a TBRTS, biased fopopulation kinetics in intersubband devices.
tunneling into then=2 (E2) level of the wide QWQW1), The 66/33 structure, which was grown by molecular beam

is shown in Fig. 1a). At such biases, the relative populations epitaxy on a semi-insulating GaAs substrate, consisted of the
of the E2 andE1 subbands are given hy,/n;~r,/7;, following: 2 um n=7x10" cm 2 GaAs buffer layer, 1000
where 7, is the LO-phonon mediateB2-E1 intersubband A n=1x10 cm 3 GaAs emitter, 100 A undoped GaAs
scattering time and; is the tunneling out time frorE1.° In spacer, 66 A undoped AlGa, ¢As emitter barrier, 66 A un-
order to achieve population inversion betweée? andE1, doped GaAs QW1, 26 A undoped AGa (As intermediate

the QW widths are chosen so that tBé level of QW1 is  barrier, 33 A undoped GaAs QW2, 26 A undoped
energetically aligned with the ground statlf*) of the nar- Al ,Ga, gAs collector barrier, 100 A undoped GaAs spacer,
row well (QW?2) at the E2 resonance bid$.E1 electrons 1000 A n=1x10" cm 3 GaAs collector, 0.4um n=7

may thus escape rapidly by resonant tunnelingg44, ona  X10' cm 2 GaAs top contact. The widths of QW1 and
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FIG. 1. (a) Schematic band-edge diagram of TBRTS biased for FIG. 2. (a) I-V characteristic(b) Ejy, PL energy versus bias,
tunneling into theE2 level of the wide quantum wellQW31). (b)  (€) Eixn andEyy, PL intensities versus biagg) n,/ny population
Calibration of electric field against device bias obtained from mag+atio versus bias, obtained from TBRTS with QW66 A and
netotransport measurements of the sheet density in the electron d@W2=33 A.
cumulation layer. The solid line shows the predicted calibration,
based on the solution of Poisson-Sainger equations for the
structure.

within the structure was calibrated against device bias by
means of Shubnikov—de Haas-like magnetotransport mea-
surements of the electron sheet density in the emitter accu-

QW2 were confirmed to be 66 and 33 A, respectively, frommulation layet’ [Fig. 1(b)].
measurements of tHe1-HH1 andE1*-HH1* transition en- The PL spectrg2 K) obtained from the structure as a
ergies by PL excitation spectroscopy. function of forward bias are shown in Fig(e3. The peak
Under forward bias, photocreated holes from the top conlabeledE;q,, which emerges at the onset of tBe reso-
tact are driven to the triple barrier region. Since the holenance inl-V, is due to the recombination &1 electrons
interwell tunneling time is expected to be shert10 ps fora  with HH1 holes. When the bias is increased beyond the onset
30 A intermediate barrié?'3 the hole population in Qw2 ©f the E2 resonance, an additional PL peak emerges due to
will be negligible, with most of the holes relaxing to the E2-HH1 (E1) recombinatiorf. At the bias corresponding
HH1 level of QW1 before tunneling out of the structure. t0 the peak of th&2 resonancél.05 V), the energy sepa-
These holes recombine witll andE2 electrons to generate fation between th&,,, andE,y, PL is 154 meV, very close
the PL features of interest. Following the procedure adoptef the calculate@2-E1 splitting of 156 meV for a 66 A QW
in Ref. 14, we estimate an upper limit of 16m~2 for the ~ under an applied electric field of 120 kV cth _
HH1 hole density, about three orders of magnitude less than The bias dependence of ti&y, spectra is particularly
the maximum expected electron density in Q¥nt these  interesting in the 0.7-0.9 V range. Spectra obtalngd f.rom
relatively low carrier densities, the PL intensity is propor- around this region are plotted on an expanded scale in Fig. 4.
tional to both the electron and hole concentrations within theAt 0.62 V a singleE;, peak is observed at 1.577 eV. As the
relevant subbands, irrespective of whether the recombinatiofias is increased, the peak shifts to lower energy due to the
is free particle or excitonic in natufé.Since bothE1l and  quantum confined Stark effect. The peak also decreases sig-
E2 electrons recombine with the same HH1 holes, the ratidificantly in intensity, and at biases of around 0.8 V splits
of the E2-HH1 andE1-HH1 PL intensities, from which the into two very weak componentg;;, andEjy;,) separated in
n,/n, population ratio is deduced, is unaffected by varia-€nergy by approximately 10 meV. This quenching of the PL
tions in the HH1 population. intensity is consistent with the significant reduction of the
The |-V characteristic obtained from the structure at aE1 escape time, which is expected at tB&é-E1* reso-
temperature H2 K is shown in Fig. 2a). Two main reso- hance. As the bias is further increased towards the peak of
nances are observed, corresponding to electrons from tHBeE2 resonance, the higher energy feature increases signifi-
emitter accumulation layer tunneling into tiel andE2  cantly in intensity and Stark shifts to lower energy.
levels of QW1. In the bias range between the peaks of the This splitting of E;y, into two components is fully con-
E1 andE2 resonances, an additional pdékbeledE1* in sistent with the splitting which is expected to occur between
Fig. 2@)] is observed. We attribute this feature to resonanthe symmetric and antisymmetric states formed wherkthe
tunneling of emitter electrons through tHel* confined and E1* ground states of QW1 and QW2 are resonantly
level of QW22 To facilitate data analysis, the electric field coupled*®!® For the present structure, the symmetric-
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FIG. 3. E;4, andEyy, PL spectra obtained in the bias range of ~ FIG- 4. PL spectra in thé&,,, energy range for biases around
the E2 resonance fronia) the 66/33 structure(b) the 66/20 struc-  the E1-E1* resonance, showing the symmetric-antisymmetric
ture and(c) the 80/30 structure. The bias increases in increments ofP/itting, which occurs at around 0.8 V.

0.1.V betweeq spectra,.except. whgre indicated. Note the multipli- Such a large population ratio is clearly inconsistent with
cation factors in thé,y, intensities in(b) and (c). the relationn, /n,~ 7,,/7,, since it would require an unre-
alistically shortE1 lifetime. Following the method of Ref.
antisymmetric splitting is calculated to be 13 meV, in good11 to calculate the scattering time froB2 to the coupled
agreement with the observed peak splitting of approximatelfe1-E1* states, we find;~1 ps. Due to the delocalization
10 meV. Beyond th&E1-E1* resonance, th&1l andE1* of the wave function at th&1-E1* resonance, the escape
states again become increasingly localized in QW1 andime from the coupled1-E1* states is twice as long as the
QW2, respectively. OnlyE,y, PL is then observed in this tunneling out time from the uncouplegil* state”™ We cal-
energy range, due to the relatively low oscillator strength ofculate theE1* tunneling out time to be 0.15 B8 giving an
the E1*-HH1 transition. The bias dependence of thg, ©sScape time of approximately 0.3 ps from the coupled
PL peak position is plotted in Fig.(8). Also shown(solid ~ E1-E1* states. These values fog; and r; give a predicted

line) is the calculatedE,, peak position obtained from en- Population ratio ofn,/n;~3 at theE1-E1* resonance.
velope function calculations, assuming Bqy,, exciton bind- In order to understand this large discrepancy between the

ing energy of 9 meV. The calculated bias dependence agredie@sured and predicted population rafios/n,~40 and 3,

closely with the experimental data throughout the bias rangéespectwely, it must be remembered that it is tiewerall

of the experiment. In particular, it shows that an anticrossindh/n1 population ratio which is given by the ratio af, to
of theE1 andE1* levels is expected at biases of around 0.871 The PL measurements, however, sample only those elec-

- ; . tronic states that contribute to the formation of the optically

Vi prov[dlng strong suppqrt for the above interpretation. active exciton wave function. This involves electrons which

The integrated mfcensmes of tH€y, and Eay, '_DL p_eak§ occupy states within about one exciton binding energy
(I, and I,, respectively are plotted versus bias in Fig. (~9meV) of the subband minimum. Since til-E1*
2(c).2% Throughout the bias range of &2 resonanced,, is resonance occurs close to the onset of B2eresonance in
significantly greater tham,. The ratio of theE2 andEl  |.y, electrons are injected into tHe2 subband with low
populations probed by the PL measurements is obtainegh-pjane energy, and we therefore expect the ezeopu-
from the PL intensity ratio, after correcting for the energy |ation to be probed by the PL measurements.
dependence of PL reabsorption in the GaAs top contact, the By contrast, electrons which relax from the bottom of the
spectral response of the measurement system, and the ref@2 subband by LO phonon emission enter Bie subband
tive oscillator strengths of thE,;, and E,y, transitionsS™®  with excess in-plane energy d2-El-fiw o~118 meV.
The deduced,/n, ratio is plotted versus vias in Fig(d. Using a model similar to that proposed by Faistal.,” we
The data are subject to an error of aroun80%, based on ignore carrier-carrier interactiorfahich are negligible at the
estimated uncertainties in growth parameters, PL intensitjow carrier densities present in our struchused assume that
measurements, and oscillator strength calculations. The rehese electrons relax withi&1 by sequential emission of LO
sults show thah,>n,; over most of theE2 resonance, with phonons. At any point in the relaxation cascafé, elec-
a sharp maximum occurring at tlel-E1* resonance bias trons may either tunnel out &1 at a rate 1#; or undergo
of around 0.8 V, wher@,/n;~40. intrasubband relaxation with the emission of LO phonons at
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arate 1#,. It can then be shown from steady-state rate equaEl* level is expected to remain higher in energy tHah
tion analysis that the fraction of the tot&l population throughout the bias range of the experiment. PL spectra
which relaxes to the subband minimum, and is therefore acsbtained from the 66/20 and 80/30 samples at biases in the

cessible to the PL measurements, is given by range of theE2 resonance are plotted in FiggbBand 3c),
N respectively. For both structurds, is significantly less than
nPl=n 71 1) I, at all biases, with the maximum intensity ratio being ob-
! N+ tained at the peak of thE2 resonance, wherb,/1,~0.1.

From Eg. (1) we obtain a maximum population ratio of
n,/n,~0.3 for both structures, very much less than the ratio
found for the 66/33 structure in which tiel-E1* reso-
nance occurs.

In summary, we have carried out a PL investigation of
intersubband population kinetics in GaAs/Bl; _,As
TBRTS. When a structure is biased so that the ground states
of the wide and narrow QWSs are in resonance, a population

whereN is the number of sequential LO phonon emission
steps between thel injection energy and the subband mini-
mum. Ferreira and Bastdrdcalculate the intrasubband LO-
phonon emission time; to be ~300 fs, which is approxi-
mately equal to our calculate@l lifetime. For anE1l
injection energy of 118 meV we hayd=3, and we thus
estimatensznI/B from Eqg. (1). The maximum value of

nz/ny"~40 obtained from the PL measurements thereforgy, e sjon is obtained between thiel andE2 subbands of
corresponds to aoverall population ratio ofn;/n;~5, in he wide QW. The results provide an unambiguous illustra-
very reasonable agreement with the predicted estimate Qfyn of the sensitivity of subband population ratios to rela-
ny/ny~3. _ . tively small changes in device design, and clearly demon-
To further confirm the importance of tHe1l-E1* reso-  girate the power of interband PL spectroscopy as a

nance in producing the population inversion, two additionaly antitative probe of electron population dynamics in inter-
structures with narrower QW2 widths were studied. The firsty,ppand devices.

of these had a QW1 of 66 A width, and a 20 A wide QW2
(66/20 structurg while the second had well widths of 80 and ~ We are grateful to D. M. Whittaker for assistance with the
30 A, respectively(80/30 structurg In both structures, the calculation of intersubband scattering times.
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