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We report the results of a systematic photoluminescence and reflectance study of negatively charged exci-
tons (X7) in several GaAs/AlGa _,As quantum well structures. Samples are either dapggbe in the wells
or not intentionally doped, and thus the appearanc& of(present in modulation doped samplés not
expected. The combination of the two spectroscopies allowed us to explore the possible mechanisms respon-
sible for the formation of th&X™ complex. In all cases th¥™~ signature is related to excess electrons in the
wells. These results provide positive evidence that the original identification oK thphotoluminescence
feature is correct.

[. INTRODUCTION recombination is rather a barrier-neutral donor-bound exci-
ton. In the present paper, we provide detailed evidence in
The electron-hole hydrogenlike system, the exciton, assdravor of the prevailing interpretation. This evidence is pre-
ciated with conduction and valence confinement subbands isented in the results and discussion section. Thus, throughout
GaAs/ALGa _,As quantum wells has been extensively in- this paper we continue to refer to the spectroscopic features
vestigated during the last twenty five years. As a matter obelow the neutral excitofand not otherwise associated with
fact it was the observation of optical absorption connectedmpurities asX™ related.
with the excitons that provided the first conclusive evidence In this work, we have systematically investigated the ap-
on the formation of quantum wellsThe exciton is the solid- pearance in the PL and reflectance spectra of features asso-
state analog of the hydrogen atom and for this reason theiated with theX™ from a number of GaAs/AGa _,As
same atomic spectroscopic labels for the various hydrogeniguantum-well structures in which the negatively charged ex-
states are also used to describe their solid-state counterpartston was not expected. These structures were dopiyge
Another atomic analog has been predicted in semiconductan the GaAs wells or were not intentionally doped. A com-
systems, namely that of the negatively charged hydrogen ioparison of the spectra with those from a GaAs@®d _,As
H™. This is formed when a second electron is added to theuantum well structure-dopettype in the barriergand in
electron-hole pair, which forms the excitéf.The nega- which the X~ is expectell has allowed us to identify two
tively charged entity is known as th¢™ or the trion. The mechanisms that could be responsible for the formation of
first observation of th&X™ was made im-type modulation- X in these structures. In the case of GaAs wells doped
doped CdTe/zZgCd, ,Te quantum wells using absorption type at the well edge it was found that donors diffuse into the
spectroscop§:®> An absorption feature 3.1 meV below the Al,Ga _,As barriers; these barrier donors ionize and their
e,h; neutral exciton X°) was identified as associated with electrons are confined in the GaAs wells, where they can
the X~ singlet state on the basis of its circular polarizationbind with a photoexcited neutral exciton to form the nega-
characteristics in the presence of a magnetic field. Xne tively chargedX™ complex. These electrons can also bind
was also observed and studied in detail in GaAgEal _,As  weakly to their parent positive donor ions leading to neutral
quantum wells using photoluminescen@) and electrore-  barrier donors? This is the basis of the alternative interpre-
flectance spectroscopiést’ In the presence of a magnetic tation by Volkovet al’3'*In the case of the wells doped at
field applied perpendicular to the structure’s layers, the Plthe center and the unintentionally doped structures the pro-
feature associated with the singlet ground statXofsplits ~ posed mechanism is different. The excess electrons required
into two components, which correspond to th&/2 heavy- for the formation of theX™ are generated from an unequal
hole states. The externally applied magnetic field increasedistribution of electrons and holes among the GaAs wells.
the binding energy of the second electron so that a PL featur€hese carriers are photogenerated in the barriers when the
associated with th&™ triplet excited state can be observed exciting photon energy is higher than the, &k, _,As band
for B>2 tesla’ The behavior of th&X™ in a magnetic field gap. The basis of the present work is a comparison between
has been theoretically studied by B#and coworkers?*?  PL and reflectance spectra on the same samples and the fact
In recent PL studies Volkoet al*'*have suggested that that reflectance is not sensitive to impurity bound

the PL feature previously identified as associated With  excitonst®?’
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TABLE |. Sample parameters. T=5K Sample 1
) 1 4 1 ! I ' i ' 1 4 1
Well Barrier 7 X
Sample width A  width (A) Periods Doping = A=632.8nm
=
1 200 400 40  Sidoped, 2¢10'° £
cm™2, barrier center >
2 210 125 20 Si, 1cm3, g
bottom £ of the g
well £
.
3 210 125 20 Si, §em3, o
top 3 of the well
4 210 125 6 Si, 18cm™3, central
5 of the well z (b)
5 200 600 20 Not intentionally <
doped g X 0
6 150 40 30 i, 1Wem, central s Mv
1 @ L
5 of the well e
[1]
°
2
K
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1 1 1 " ] L 1 " 1 " 1

We have used six GaAs/(MGa, /As quantum well struc-
tures grown by molecular-beam epitaxy in this study. Some
of their characteristics are summarized in Table I. Sample 1
is delta dopedh type in the AlGa _,As barriers and is used FIG. 1. (a) PL and(b) reflectance spectrum from sampleTL;
as a reference sample in the sense thaithes expected to  —s5 k pL excitation wavelength 632.8 nm.
form due to the presence of the confined electrons that result

1522 1523 1524 1525 1526 1527 1528 1529
Photon Energy (meV)

from the ionization of the barrier donors. Samples 2, 3, and 4 I1l. RESULTS AND DISCUSSION
are doped with Si donors inside the GaAs wells. Sam(#¢ 2 . . ) )
was doped in the “bottom”(“top” ) one third of the well. As stated in the introduction spectral features associated

“Bottom” and “top” are defined as regions of the GaAs with the negatively charged excitofi” have been observed

wells grown immediately after and immediately before the!l e present work in GaAs/aGa, —As structures doped in

Al Ga,_,As barrier, respectively. Samples 4 and 6 werethe wells or unmtentlonal!y_doped. In either case, the pres-
ence of X~ was not anticipated and for this reason the

dopedntype in the central one third of the GaAs well layers. mechanisms involved were investigated in detail. Sample 1,

Sample. 5 was _not mtenuonally doped. _The samples WEISh the other hand, is doped in the barriers and will be used as
placed in a liquid helium cryostat with windows that allow

. X our reference. The rest of the presentation is organized as
optical work in the 5-300 K temperature range. The PL SPECt 10ws: We discuss the results from samples 2 and 3 and a
tra were excited with either the 632.8 nm line from a helium-

. . mechanism responsible for the presence ofXhe Then the
neon laser(photon energy1.96eV, i.e., higher than the reqyits from samples 4, 5, and 6 are presented, and a possible
band gap of the AlGa, _,As barriers or a diode laser oper-  mechanism for the creation of the™ complex in samples 4
ating at 670 nm(photon energy1.85eV, i.e., below the ang 5 is proposed.

band gap of the AlGa,_,As barriers. The 632.8 nm line
excites electron-hole pairs in the wells and in the barrier
layers. The electrons and holes excited in the barriers then
drift and are captured by the wells. The presence of a weak In this section we discuss the band-edge PL and reflec-
electric field along the growth direction will result in carrier tance spectra from reference sample 1, shown in Figs. 1
drift in opposite directiongholes in the direction of the elec- and 1b), respectively. Both spectra exhibit features at
tric field, and electrons in the direction opposite to the elec1526.6 and 1525.3 meV, which are identified as ejb,

tric field). Thus, the possibility exists that in some wells Neutral excitonx’ and the singlet state of the negatively
there is an excess of electrons. Excitation with the 670 nng¢harged excitoiXg , respectively. The identification is made
laser on the other hand results in the creation of electron-holey comparing the spectra with those reported in previous
pairs inside the wells only, and thus insures that equal numpublished work. The interpretation of Volkost al. is dis-

ber of electrons and holes are confined in each GaAs welkussed at the end of this section. In particular, the energy
The PL spectra were analyzed by a double monochromatdtifference between th¥® and theX ™ features agrees with
equipped with a cooled photomultiplier tube and standardhe value reported by Shielés al.” and in magneto-PL stud-
photon counting electronics. For reflectance work a monoies theX, exhibits the characteristic initial small decrease in
chromatic beam created by the combination of a broad bandnergy with increasing magnetic fields as discussed below.
tungsten-halogen source and a grating spectrometer was The photoluminescence spectra from sample 1 and
used. The intensity of the reflected beam was synchronouslyample 5 have been studied as function of magnetic Beld
detected by a photomultiplier tube operating in current modeapplied perpendicular to the structure’s layers. The depen-

A. Reference sample
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FIG. 2. Energies of th&°, Xg, andX; components plotted as FIG. 3. () Reflectance spectrum from sample(B) PL spec-

function of magnetic field(a) Low-field data from sample 5b)  trum from sample 2(c) PL spectrum from sample 3.=5 K; PL
low-field data from sample 1(c) High-field data from sample 1. excitation wavelength 632.8 nm. The insets are schematics of the
Circles: X%; squaresXg ; triangles:Xy . conduction band. The arrows indicate the growth direction.

dence of the energies of th¢° and X~ components as a We emphasize the importance of the reflectance spectra in
function of B is very similar to that observed by Shields distinguishing betweeiX~ and D° (barrien- X. In Fig. 1,
et al’ In Fig. 2, we plot the energies of the excitorik® and  which shows a very stron§~ PL feature, there is an equally
X7) features as function of magnetic field. In FigaR[2(b)]  strong reflectance feature at the same energy. In a previous
we present the low-field data from samplésample 1. The  work it was shown that impurity bound excitons provide no
magneto-PL from sample 5 shows the characteristic initiabignature in the reflectance spectta’ Thus, the suggestion
small decrease in energy with magnetic field. The minimunby Volkov et al. that this feature conventionally attributed to
in energy occurs at 1.5 T and the overall energy redshift is<™ is due to a barrier donor-bound exciton is not supported
0.1 meV. This behavior is the hallmark ¥f and allows us by our data.
to distinguish the negatively charged exciton feature from Finally, since the charged excitonic complex is formed by
features associated with bound excitons. The low-fieldan excess electron and an electron-hole pair created by the
magneto-PL data from sample 1 do not show the initial smalincident photon, it follows that the absence of ¥n signa-
energy decrease. This is attributed to the large electron deitdre in the reflectance spectrum suggests that there are no
sity (2x 10°°cm™?) in this structure, which results in an in- excess electrons confined in the wells. Thus, the comparison
crease of the line width of all excitonic PL features. The full between the PL and reflectance spectra in the vicinity of the
width of half maximum is approximately 1 meV, which is 10 excitonic features becomes a powerful tool that allows us to
times the initial energy decrease of 0.1 meV observed in théxplore the possible mechanisms involved in the creation of
undoped sample 5. X,

The high-field data from sample 1 are summarized in Fig.
2(c). Squares indicate the PL features associated ¥igh B. “Top”- and “bottom”-doped samples

circles with X°, and triangles with ther . '.I'hellowe.r(ug— The results from samples 2 and 3 are presented in this
pen component of th&s is due to recombination with-  gybsection. In Fig. 3, the PL spectra from these structures are
(+3) heavy holes. The Xy thatis unbound @=0Tisnot  shown; the reflectance spectrum from sample 2 is included
observed at zero-magnetic field. The application of a magalso[Fig. 3(a)] for comparison. The PL spectra contain fea-
netic field results in the binding of; the lowest component tures at 1524.6, 1523.3, and 1522.9 meV. These are attrib-
of which becomes observable at 5 T. The lowest componenited to the neutral excitonXf), negatively charged exciton

of X7 (solid triangle$ crosses the upper componentXf (X7), and donor-bound excitorDCX), respectively. While
(open squargsat 12 T. Up to 25 T theXg lowest component  the first two of these features have a corresponding signature
(solid squaresis the ground state of the charged excitonin the reflectance spectrum, the donor-bound exciton does
complex. not!®!” The fact that theX ™ feature appears in the reflec-
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FIG. 5. PL spectra from sample 4a) Excitation wavelength

FIG. 4. (a) Reflectance spectrum from sample(8) PL spec- —632.8 nm. (b) Excitation wavelength 670 nm.

trum from sample 4, excitation wavelengt632.8 nm.

- - arrier thickness 125 A). The PL spectrum has four fea-
tance spectrum indicates that the requisite excess eIectro{\g .
for the formation ofX™ are present in the wells. The remain- ures at 1525.1, 1523.8, 1523.3, and 1522.3 meV. The iden-

ing electron-hole pair is generated by the incident photong(”‘éca:f; ?]L;geti(ael;eaéﬁzzelz aeSXI:(i)JéC;(V\iSZ tt?]i n\,slejﬁr_ileﬁi(ecrlton
This observation provides an explanation for the appearanc(?onor-bound excitorD®X, and the donor-to-valence-band

of X in samples 2 and 3 which are doped at the "bottom transitionD-h, , respectively® In contrast to samples 2 and

and “top” one third of the well, respectively. We attribute the reflectance spectrum of sample 4 does not have a sid-
the presence of excess electrons in the wells to donors thgt . . P z P T 9
nificant signature of thex™ complex thus indicating that

diffused from their original position in the well into the h - loct i the ab t ab iumi
Al,Ga, _,As barriers during growtlibottom-doped sample naet'rc?nar'l?h'gv'vsigfsrorsr'!snn € %CS:?;; (;)onetl)r(swaergalljal:; dm:i\-t
or have propagated along with the growth front into the bar_thelce.nterll o:‘ the G:AZ leel?s fsrlom where it is unlikel?y that

. _ H 3

rier (top-doped sampjeThe energy states of such donors “ethey reach in any significant numbers into the®d, As

just below the bottom of the conduction band iR@, ,AS Wﬁ)]arriers by diffusion or growth-front propagation. A similar

and release their electrons into the wells. One expects gro 1. Lation is observed for the undoped sample 5. in which the
front propagation to be more effective in sample 3 and dif- P pie o,

fusion to be the mechanism in sample 2. This differencéah.l‘c’ptehctmrpI c?ntalns th)étand)t( hfea:)ureitse_e F'g'l 6]
should manifest itself in the relative intensity of the PL fea- W€ the refiectance spec rumot show contains only one
tures associated witk~. Indeed the intensity of thi~ PL feature associated with the neutral excitéh The results

feature in sample 3 is much stronger than the correspondinf om samples 4.and 5 can bg 'summanzed as follows: ne|ther
ructure contains any significant excess electron density,

feature in sample 2all other conditions such as temperature, - g . .
excitation wavelength, and power density being the s)ameand thus theX™ feature is not pres_em)r.ls very wgakm the
reflectance spectra. Under laser illumination with photon en-

The alternative explanatiéh'® in terms of neutral-barrier .
donor-bound excitons is not supported by the presence of q9y '?‘rger than the ba_rrler_ t_)and gap on th_e other hand, the
strong reflectance feature at 1523.3 meV in Fig).3 negatively gharged eXC.I'EON is formed as witnessed by the
corresponding feature in the PL spectra.
We propose a possible mechanism which can explain the
presence oK™ in samples 4 and 5 and discuss the support-
In this section, we present the results from samples 4 anohg evidence. Illumination with photons whose energy is
5 and propose a mechanism to explain the formation of thabove the AlGa _,As barrier gap results in the excitation of
negatively charged exciton in these structures. This mechaqual number of electrons and holes. Under the influence of
nism is distinct from the mechanism at work in samples 2an electric field with a nonvanishing component along the
and 3. The PL and reflectance spectra from sample 4 in thgrowth axis the electrons and holes will drift in opposite
vicinity of the band gap are shown in Fig. 4. This sample isdirections. The presence of these electric fields is almost un-
dopedn-type in the central one third of the 210 A wells avoidable due to surface stat€sThus there are wells in

C. Well-center-doped and not-intentionally doped samples
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FIG. 6. PL spectra from sample $a) Excitation wavelength FIG. 7. (@ PL spectrum from sample 6b) Reflectance spec-
=632.8 nm.(b) Excitation wavelengtk 670 nm. trum from sample 6.T=5K, PL excitaton wavelength

=632.8 nm. The vertical arrow indicates the expected position of

which the number of electrons will exceed the number ofi"€ X" PL feature.

holes and it is in these wells that negatively charged excitons

X~ can form and have a signature in the PL spectrum. The V. CONCLUSION

reflectance spectra are recorded in the absence of any above-

gap photons, and therefore in samples 4 and 5 no excess We have carried out a systematic study of negatively

electrons are generated in the wells. As a consequence thegRarged excitonsX ™, in several GaAs/AlGa,_,As quan-

is no X~ feature in the reflectance spectra from theseum well structures using photoluminescence and reflectance

samples as was the case in samples 1, 2, and 3. spectroscopies. Th¥~ was detected in samples dopad
Additional supporting evidence is provided by a compari-yy e in the wells as well as in undoped samples in which no

son of the PL spectra of samples 4 and 5 that were excitefh,rged excitons were expected. In all cases the creation of

with photons aboye the _barriers band 9(.652'8 nmor1.96 - i atributed to the presence of excess electrons in the
eV) with those excited with photons having energy below the

wells. We found that in samples doped at the edge Xthe
ﬁlxggfgﬁz?ig(g;?enzn ;)rr];.?:?ge%'l'fg? ;?ngglsea;e Slrr:ot\;vorlh formation is due to donors that diffuse or are propagated
samples the relative intensityX~)/1(X°) decreases signifi- along the growt'h front into the B3 _yAS barf'ers- .In
cantly under excitation by the 670-nm laser. We note heréamples doped in th? well c_enter, as well as unlnt_entlonally
that no difference in the relative intensities of tie andx?  doped structures, axi--associated feature appears in the PL
PL features from samples 1, 2, and 3 was observed whespectra under excitation with photons having energy higher
excitation was switched from 632.8 to 670 nm. Furtherthan the barrier gap. In this case, the excess electrons are
(negativé evidence is provided by sample 6, which like provided by b_uilt—in electric fields.associated W!'[h surfa(;e
sample 4 is doped type over the central one third of the states. Excitation with phc_)tons hav_lng below-barrier energies
wells, but its barriers have a width of only 40 A. The thin €@ds to greatly reduced intensity in the PL features.
barriers allow tunneling of electrons from wells into which
there is an excess electron population towards wells in which
there is electron deficit. As a result there are equal electron ACKNOWLEDGMENTS
and hole populations inside the wells and thus no negatively
charged excitons can form. This is clearly shown in Fig. 7. This work was supported by NSF Grant No. DMR-
The PL spectrum contains two features at 1529.2 and 1527 $722625. Work at the National High Magnetic Field Labo-
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