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Exciton properties in p-type GaAs/Al,Ga;_,As quantum wells in the high doping regime
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An experimental study of optical properties of acceptor-doped quantum wells is presented. We have studied
the effects of acceptor doping at concentration levels varying froth @ to 13° cm™2 using steady-state
photoluminescencéPL) and PL excitation. Excitons can still be detected at high doping concentrations of
10" cm~3, i.e., well above the degenerate limit in these quantum wells. They survive mostly due to the
inefficiency of screening in the two-dimensiorfdD) system. In addition to the dimensionality of the structure
(2D or 3D), the quenching of excitons is found to depend on doping typer(p type) and the position of the
doping (well or barrier doped We also report on hydrogen passivation effects on the same samples. As
expected, there is a correlation between the results obtained, on the one hand, by decreasing the doping
concentration and, on the other hand, increasing the passivation time. Their behavior follows the same direc-
tions, except for the unexpected increase in the bound exciton population with increasing passivation.
[S0163-182606)07248-1

[. INTRODUCTION absorption transition above the band gap: a blueshift due to
the band filling up to the Fermi level, the “Burstein-Moss”
The properties of quantum wellQW) structures are shift, and on the other hand a redshift caused by the BGR.
strongly influenced by the presence of dopant impurities. S@hese band-gap shiftef the fundamental absorption edge
far, basic research has been focused on barrier-dd@®®3  depend on, e.g., the semiconductor material, the type of dop-
QW's, i.e., modulation-dopeMD) structures, with their po- ing, and the carrier concentration. The Burstein-Moss shift
tential for various technological applications, but also for theand the shift caused by the BGR are of different sign, but of
direct study of many-body effects. The properties of QW’'scomparable magnitude. Far-type GaAs, the Fermi level
doped within the wel(WD) are significantly less studied, in shift dominate<;? while the reverse situation applies to
particular for the case gi-type doping. Fon-type WDQW  p-type GaAs>"&11:13
structures, many-body effects, including carriers and exci- At a certain carrier concentration, the excitons are
tonic effects, have _recently been investigated for _donor CONguenched. The principal mechanisms behind the quenching
centr3at|0ns extending up fo the degenerate AIDlego  of the excitons are screening, short-range exchange and cor-
etal” have investigated the temperature and holeyg)ation and phase-space filling by carriers, which result in a
concentration dependence of the luminescencep-type progressive decrease in exciton binding energy and eventu-
bulk GaAs. Sernelitfshas calculated the band-gap renormal-aIIy unbinding of the exciton stafd.The screening of 3D

ization (BGR) in the high-hole-concentration regime for excitons is strong already at low doping concentrations and

p-doped GaAs, including exchange and correlation effects_ . o 6 3 . :
on the electron-hole system together with the interactioncamer.densmes.{v101 cm ), .wh|le the corresponding .
with ionized impurities. Reynoldst al® have investigated screening effect in the 2D case is much weaker. The restric-

the screening effects on hydrogenic donors in the presence Bf)n on t_hej' move'men'tlof carriers due to the lower dlmens[on—
acceptors both in the barrier and in the well. Finally, Wagne@y inhibits their ability to screen. For the case of QW's,
et al® have studied the optical properties of the Fermi edgeéeXCitons _alrel.\sexpected to survive all the way up to the degen-
singularity for the corresponding acceptor doped WDQW's€rate limit.:»=> Consequently, a major difference between the
above the degenerate limit. 2D and 3D systems is the relatively stronger exciton recom-
At a sufficiently high doping concentration, the impurity bination in optical spectra for the 2D case even at high car-
band will overlap with the free carrier continuum. This level rier concentrations.
corresponds to the metallic limit, i.e., an electronic phase In this paper we present experimental results from an op-
transition from a semiconducting to a metallic behavior. Thetical study of acceptor-doped QW's, where the acceptor con-
exchange correlation interactions, induced by the high carrietentration is varied from 26 up to 13° cm~3. We also
concentrations, give rise to a decrease of the fundamentaéport on hydrogen passivation effects on the same samples.
band gap, i.e., the BGR. With increasing carrier concentraFurthermore, the quenching of excitons has been investi-
tion, there are two major counteracting effects affecting thegated and compared with corresponding results found in the
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literature for bulk andn-type QW structuresWDQW and
BDQW) and p-type BDQW's.

Il. SAMPLES AND EXPERIMENTAL TECHNIQUES 1x10” e

The samples used in this study were grown by molecular \_/\//w
beam epitaxy(MBE) at a temperature of nominally 680°C

without interruptions at the QW interfaces. The layers were __//L
grown on top of a semi-insulating GaA%00) substrate with

a 0.35um undoped GaAs bhuffer layer. The &ba;_,As
barriers were 150 A wide with a nominal Al composition of

x=0.3. The wells had a width of 150 A and were doped with i M

Be in the central 20% of the well, at a concentration varying —’/L

from 3x 10 up to 1x 10'° cm~3. The hole concentrations 32107 em”

in the QW structures were obtained by Hall measurements. ;_J\\,;
For the photoluminescend¢®L) and PL excitatio(PLE) | 25107 om J\k‘

2x10% em®

Normalized Intensity

measurements, an Arion laser was used to pump a tunable
titanium-doped sapphire solid-state laser. The emitted light g =
from the samples was focused on the slits of a 1-m double- 5210 enr® BiJW”’
grating monochromator and detected with a dry-ice-cooled ' ' : '
GaAs photomultiplier. For the polarization-dependent mea-
surements, we have employed the photoelastic modulation
technique® All optical measurements presented were per- ) ) _
formed at 1.5 K FIG. 1. PL spectra at different doping concentrations. The

Post-growth hydrogen passivation was accomplished aﬁcceptor'BE dominate even at low dqpmg concentrations. The

o il s . E., intensity decreases continuously with increasing doping. The
around 190 °C, inside a quartz reactor with a remote dc hy- ) . PO
-~ " Jspectrum at the doping concentration ok 20' cm™2 is shown

drogen plasma at a pressure of 2.0 mTorr. The passwanof -
. . ; eparately in Fig. 2.
time was varied from 30 min to 6 h. The samples were

placed~ 15 cm away from the hydrogen discharge region to ) ) ) o )
avoid damage due to ionic impact. relatively high FE, intensity in the PL spectrum, obtained at

high excitation intensity or at higher temperatures, implies
that the Fermi level is fairly close to the |h band. At low
intensity excitation, the temperature required to populate the
A. Increasing doping concentration Ih band is about 40 K, based on the fact that we can estimate

Figure 1 displays the development of the PL spectra Witj[:at the Fermi level is approximately 3 and 5 meV from the

1x107 em™®

149 1.50 151 1.52 1.53 1.5¢4 1.55
Energy (eV)

[ll. EXPERIMENTAL RESULTS

increasing acceptor concentration. As can be seen in Fig. h band. The Stoke’s shift of the Ryffor any of the samples

the excitonic peaks, the acceptor-bound exciBE), and very small and mainly due to localization effects at the
the heav -hoIE(hh) s’tate of thep free excitofFE) aré red- interfaces. For the Ff, on the other hand, the Stoke’s shifts
y .increase with increasing hole concentratifffig. 3. The

i?e'zigsarﬁ It())rvc\)lzgeenneeo: as the “acceptor concent_ratlon In%l'olarization—dependent PLE spectrymset of Fig. 2 con-
. gies, we observe the free-to-boun

emission(electronic transition from the conduction band to

the acceptor level inside the gapnd two-hole-transition! [ [ UNPOLARIZED PLE
Above 2x 10" cm™3, the BE'’s start to overlap with the bulk e
GaAs luminescence. For the same doping concentration,
2% 10" cm™3, the light-hole (Ih) state of the FE can be
observed even at low temperatures, as illustrated separatel
in Fig. 2. The intensity of the Ff, decreases continuously
with increasing acceptor concentration, while the BE, on the
other hand, gains intensity. The development of the PLE for
different acceptor concentrations exhibits the same trends a
observed in PL: increasing BE population, and broadening
and redshifting of the excitonic transitions. The energy sepa-
ration between Flg and FE,, in PLE decreases with increas-
ing acceptor concentration, i.e., the opposite effect to what
was observed for PiFig. 3).

As illustrated in Fig. 2, not only the R, but also the
FE, can be monitored in PL. It should be pointed out that |G, 2. PL spectrum of a sample with a doping concentration of
the energy position of the RfEis approximately the same in 2% 108 cm~3 (above the degenerate limitA polarized PLE spec-
PLE and PL (inset of Fig. 2 for a WDQW structure trum is depicted in the inset. At such a doping concentration, be-
(2x 10" acceptors per crl). It was found that there is no sides the normal F§ and the acceptor BE, the FHs also ob-
equilibrium Ih population for all analyzed samples, and theserved.

D

Nvmalized Intensity

1.50 1.51 1.52 1.53 1.5¢4 1.55 1.56
Energy (eV)



54 EXCITON PROPERTIES INp-TYPE ...

20

FE,-FE, (PD)

s
=)
T

Energy (meV)
122

FE,-FE,, (PLE)

ou

FE,, (PLE-PL)

-5

L
1015 1017 1918
Hole Concentration (cm™)

1019

16 991

shows PL spectra for a sample with an intermediate acceptor
concentration (X 10'7 acceptors per cR) exposed at vari-
ous timesry. Earlier studie® have shown that the major
effect of hydrogenation of samples with intermediate accep-
tor concentration at moderatg, (less than 1.5 his impurity
passivation, while interface degradation, presumably due to
the enhanced Ga-Al intermixing, is observed for prolonged
(=2.5 h treatment. As expected, both the FE and BE peaks
are blueshifted as the, increases. This tendency is consis-
tent with what is observed for decreasing acceptor concen-
tration (Fig. 1). Furthermore, an increasing energy separation
between the Ff and the FE, is observed in PLE, as well as

a decreasing in Ffg, Stoke’s shift as a function of increasing
4. In Fig. 4, the normalized PL spectra are plotted. It turns
out that the FE/BE PL intensity ratio decreases with increas-

FIG. 3. The calculated difference in energy position of theing 7. This effect might appear surprising since the BE
FE,, between PLE and PL, is compared to experiment. It is seefpopulation is expected to decrease when more acceptors are
that the filling of the hh subband starts at moderate hole concentrgpassivated. This topic will be further exploited in the next
tions. The experimental difference in energy position betweersection.

FE;, and FE,, in PL and PLE is also shown in the figure.

firms the |h and hh characteristics of the FE's as compared
with the corresponding unpolarized PLE measurements. The
diamagnetic shifts rate of the FEand FE;, have been ex-
perimentally estimated, 325610 ° and 2.0< 10" ° eV/T?, re-
spectively, i.e., a quadratic dependence as expected for ex

tonic transitions.

B. Increasing passivation time

IV. DISCUSSION
A. Increasing doping concentration

The redshift of the FE’s, observed in REig. 1), with
increasing acceptor concentration is explained in terms of
®GR, due to the interactions between the carriers, the
exchange-correlation effect. We have performed theoretical
calculations taking these interactions into account, with de-
tails described elsewhef@Figure §a) shows the theoretical

It is well known that a hydrogen treatment of bulk prediction for the renormalization of the electr@), hh, and
samples passivates both shallow dopants and deep centéissubbands(relative to the bottom of the conduction and
due to the formation of hydrogen-impurity complexes and avalence bands, respectivglyartly atk=0 and partly at the

saturation of the dangling bondIn QW's, hydrogen inter-

Fermi level k=kg), with increasing hole concentration.

acts both with the impurities, causing passivation, and withThis plot shows that the filling of the7 hh Slgibband starts at
the interface”® Accordingly, an increasing passivation level moderate hole concentrations,2x 10" cm™3. The calcu-

provided by, e.g., a prolonged hydrogenation timg)(has

lated shift of the Flg;, is compared to experiment in Fig. 3.

an effect that is similar to an efficient reduction of the accep-At k=0 the BGR is slightly stronger for the hh band com-
tor concentration. We can also, in this case, draw conclupared to the Ih band all the way up to high hole concentration
sions about the efficiency of the hydrogenation process ihFig. 5(b)]. With increasing filling of the hh band, the sepa-
passivating impurities and the interface degradation. Figure #ation between Ff at k=0 (the Ih band is emplyand

As-grown

Normalized Intensity

,
1520 1.525 1.530
Energy (eV)

1.540

FE., at k=kg decreases. Figure 3 shows these effects ob-
served experimentally as illustrated by the energy separation
between F, in PL (k=0) and FEg, in PLE (k=kg).

B. Increasing passivation time

The reduced FE/BE intensity ratio with increasing accep-
tor concentration can be understood in terms of an increasing
FE capture at impurities. We have, up to now, observed simi-
lar trends when the acceptor concentration is reduced as
when more acceptors are passivated due to loagerWe
have for instance observed energy shifts of the FE and BE,
the FE,, Stoke’s shift, the energy separation between,,FE
and FE,,, and finally the linewidth, which are consistent
with an efficient acceptor concentration reduction. Following
this principle, increasingy would give rise to an increasing

FIG. 4. Normalized PL spectra for a sample with intermediateFE/BE intensity ratio since more acceptors are passivated

acceptor concentration §210' acceptors per cR) exposed to dif-

and are accordingly not available for FE capture. We observe

ferent passivation timesr(;); both FE,, and the BE peaks are blue- experimentally the opposite effect, however. One possible
shifted as thery increases. The FE/BE intensity ratio decreasesexplanation for the decreasing FE/BE intensity ratio would

with increasingry .

be that we have an absolute increase of the BE population. In
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S5 erate limit. For the sample with>610'® acceptors per cf the BE,
31‘54 n=1 related FE;, and FE, are well defined. Then=2 related
§3 FE,, can also be observed. Also in the sample with 0™ accep-

G§ 1 tors per cnd, the cited excitons are clearly seen.
1.52
1.51 F hh (k=0) 8 -3 2 -2\ i i
b 5% 108 cm™2 (1.5 102 cm™2) is also shown in the figure.
L8 e o o o The BGR inp-type QW structures is stronger than the filling
Hole Concentration (cm™) effect of the bands, in contrast to-type QW structures,

which is attributed to the difference in effective mass be-

FIG. 5. (a) Theoretically predicted renormalization of electron tween the electrons and hh's. Our theoretical results show
energy(relative to the bottom of the conduction band at low dop- that for p-type QW'’s the BGR effects start at a hole concen-
ing), hh and Ih energy levelgelative to the bottom of the valence tration of ~2x 10 cm™2 (Fig. 5. In n-type WDQW'’s,
band at low doping partly atk=0 (open markers and partly at  excitons are quenched mostly due to the filling of the con-
the Fermi level(solid markers with increasing hole concentration. duction band. The larger effective mass for the holes in
(b) The band-gap renormalization for the hhkat0 andk=kg,  p-type structures leads to the survival of excitons to much
and for the Ih ak=0. higher hole concentrations.

fact, we do observe thls t_endency in-our exp_enmental re§ults. D. Quenching of excitons:n- and p-type WDQW's
The hydrogen passivation of the impurities results in a \
smoothing of the fluctuation potential caused by the impuri- and BDQW's
ties. This effect also gives rise to a narrowing of the BE line It has been observed that the mechanisms responsible for
(Fig. 4). As a consequence, the FE mobility should improveexciton quenching inn-type QW's are less effective in
considerably, which in turn would result in an enhancedWDQW's in comparison with BDQW structures. The limit
capture rate at nonpassivated impurities. It should be refor excitonic quenching was found to be above X152
called that the hydrogenation process was estimated to pasm ™2 (3x10® cm™3) and 4x10' cm~2 for WDQW'’s
sivate up to 50% of all impurities for moderate doping (Refs. 1 and Rand BDQW’s?? respectively. To the best of
concentrations® our knowledge, no report on quenching of excitons in
p-type BDQW'’s has been presented so far. We have, how-
. . ever, no reason to believe that the behaviopitype struc-
C. Quenching 0; ?;(/gto\r;i.g;nd p-type bulk tures should be different. The reason for tr?etydpifferent effi-
an Q S ciency of the quenching mechanism is not completely
In n-type doped GaAs, excitons are quenched already ainderstood, but one should take some facts into consider-
doping concentrations of10'® cm~3, i.e., well below the ation. The high doping will give rise to a distortion of the
metallic limit, due to a strong screening of the electron-holedensity of states close to the band edyés a result, the
interaction?! For p-type GaAs® excitons were still detected corresponding occupancy knspace can be very different for
at hole concentrations as high as 70" cm~2, i.e., one  WDQW's in comparison with the BD structures with the
order of magnitude higher than for-type GaAs. In QW result that the formation of exciton states is not blocked at
structures, excitons survive to considerably higher carriethe same limit Based on this idea, the limit for exciton
concentrations. It has earlier been found thatnistype  survival will be larger forp than forn-type structures due to
WDQW structures, excitons survive all the way up to thethe difference in binding energy of acceptors and donors.
degenerate limit(3x 10 cm~2 or 1.5x10? cm~2). For  The experimental results, for bulk and WDQW’s, presented
p-type WDQW's, we can confirm the same tendency anchere, are consistent with this assertion. Reynelda!® stud-
state that they survive up to hole concentrations as high aed the screening effect on the donor binding energy for
1x10% cm~2 (3% 10 cm~?), as seen in Fig. 6. For com- structures similar to what have been analyzed here. The do-
parison, another PLE spectrum for a hole concentration ofior binding energy was observed to decrease when the Be
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dopants were moved from the center of the QW to the barfrom an exciton; this effect can only benefit excitons at
rier. The screening effect of the free holes on the bounk=0, observed only in PL. As a result of the higher mobility
electrons decreases due to presence of ionized acceptors in-BDQW's, the probability of such an electrok=£ +k) to
side the QW. Such evidence implies that for our system thdind a hole k= —k) decreases drastically. WDQW's, on the
presence of ionized acceptors inside the well can also affeciontrary, have an array of dopants in the well, deteriorating
the screening effect of free holes on the excitons. The screemhe mobility and causing carrier localization due to fluctua-
ing effect, as for the donor binding energy, on excitons istions at the impurity potential. These circumstances would
reduced by the presence of acceptors inside the well. Sunfavor the formation of excitons &=0.
marizing, the presence of dopants inside the well affects the
principal mechanisms responsible for quenching of excitons:
the filling of the bands as well as the screening caused by the
carriers, giving advantages to these structures in keeping ex- We have studied the effects of acceptor concentration up
citons at higher hole concentrations. to the degenerate limit using steady-state photoluminescence
For a 90-A-wide BDQW with a hole concentration of (PL) and PL excitationfPLE). The same samples were hy-
5.3x10' cm~2, the FE,, is observed in PLE only at high drogen passivated, and the luminescence results are com-
temperature$43 K).>* This particular case has nothing to do pared with PL results obtained with increasing acceptor con-
with the topic of quenching of excitons as discussed aboveentration. We also discuss the topic of quenching of
since the Flg, is still observed in PL at low temperatures. excitons by comparing results obtainechinandp-type bulk
Conversely, this effect is not observed for WDQW's. In our BDQW and WDQW structures.
samples, for example, the REis still observed up to
3x 10 cm™2 (Fig. 6). In this particular case, we are dealing
with the formation of excitons with both electrons and holes
atk#0. In BDQW's, the electrons at higk would relax to A.C.F. gratefully acknowledges financial support from
the bottom of the conduction band before finding a hole to(RHAE/CNPq, Brazil.

V. CONCLUSION
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