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Intersubband transitions in JGa, ,As/InP quantum wells have been studied by magnetic circular dichro-
ism (MCD) of the absorption. Thg values of the heavy and light holes in the different subbands are deduced
from the intensity dependence of the MCD signals on the applied magnetic §#l¢g=—0.68+0.1,
ghno= —1.81+0.4, andgj,,=8.87=1.2. These results are in good agreement with effective-mass-theory cal-
culations and allow one to estimate the in-plane effective masses of the second heavygte0(85m,)
and the first light-hole rfijf,; = 0.17m;) subbands. An observed increase of the half-width of the subband
transitions with increasing transition energy and increasing magnetic field is qualitatively explained by statis-
tical fluctuations of the quantum-well widthS0163-18287)06615-0

[. INTRODUCTION effective-mass theorfEMT) shows very good agreement for
the (hh1gl) transition. For the other two transitions EMT is
To study the magnetig factors of electrons, holes, and used to calculate the effective mass of the involved carriers.
excitons in low-dimensional semiconductor systems is im-Line broadening, which depends on the transition energy and
portant because it provides insight into the subband structuréhe magnetic field, is explained in terms of statistical fluctua-
Furthermore, it is important for the interpretation of tions of the quantum-well width.
magneto-optic and magnetotransport measurements and can
also provide a test of the theoretical description of the band Il. EXPERIMENTS
structure comparable to that obtained from studies of the

effective mass. All samples were grown by low-pressure metalorganic

; ; : - hemical vapor depositiofLP MOVPE).® The undoped
F | f the inf
or practical reasons, most of the information obtained Sés:amples have 15 In,GaAs quantum wells X=0.47).

far has been about the lowditighes) lying electron(hole) rown lattice matched onto InP. The wells are 100 A wide

sublevels. The_se states dominantly determine the Iumme_%—nd are separated by 300 A of InP. The buffer layer to the
cence properties of undoped quantum wells and are easi

measurable. Information concerning the higher-lying stategzmgigzu;?gncip?; vsvtijtas;ra]l:znfhiclk Ia;[glrdo(f IIQIE - The

can be obtained by absorption spectroscopy. However, in Absorption and MCD measurements were performed at
most quan'tum-well ;ystems, such as GaAgl3d, ,As t.h.e helium temperaturegliquid helium at 4.2 K or superfluid
quantum size effect increases the intersubband transition eRgjium at 1.5 K and in the field of a superconducting mag-
ergies to values greater than the band-gap energy of the URgt capable of providing a field of up to 2 T. The measure-
derlying substrate material. To apply absorption spectrosments were performed in Faraday configuration. Light from
copy would thus require preparing substrate free sampleg, halogen lamp was filtered by a grating monochromator.
which is a difficult task. The situation is better for Circular polarization was produced by a combination of a
In,Ga; - ,As quantum wells grown on a GaAs or InP sub- jinear polarizer and an electro-optic modulator operating at
strate. There the intersubband transition energy is less tha&p kHz. The light was detected by a cooled germanium de-
the band-gap energy of the substrate. Thus it was possible tector. Using the lock-in technique, the measured signal in-
apply magnetoabsorption spectroscopy to study the diamagensityl ,,p is proportional to the difference between the left
netic shift of two-dimensional excitons in lattice-matched (|, )- and right (_) circular polarized light transmission in-
Ino 58589 47AS/INP samples and to deduce the carrier effectensities divided by their sunycp=(1.—1_)/(1,+1_).

tive masse$.However, due to the large linewidth a Zeeman This method is immune to drifts and allows the determina-

splitting could not be observed directly for magnetic fieldstion of the MCD intensity with high precisioh®
up to 8 T and information on thg values could not be

obtained. e imental it
In this paper we report on magnetoabsorption experiments xperimental results
using circular polarized lightMCD, magnetic circular di- For the lattice-matched L&Ga;_,As/InP quantum wells

chroism). The differential detection of left and right circular used in our experiments, the first and second heavy-hole sub-
polarized light allows one to observe the Zeeman splittingoands lie above the first light-hole subbafsege the inset in
already at relatively low magnetic fields<(1 T) and the Fig. 1). Thus the order of the observed absorption bands with
described analysis of the data enables one to determine tlmcreasing energy is as follows: first heavy-hole sublevel
g* values of the heavy holes of the first and second subband&h) to first electron sublevelel) transition followed by

and of the light holes in the first subband in the first light-hole to first electron sublevel transition
Ings8Gag 4 As/InP  quantum wells. A comparison with (lhl,el), and at higher energies the transitions from the sec-
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energy (eV) FIG. 3. Half-width of the (hh1gl), the (lhl,el) and the

(hh2g2) transitions determined from the energy separation of the
FIG. 1. Transmission spectra of the,a; _,As quantum wells. maximum and minimum of the MCD spectra.

The observed transitions are as follows: first heavy hole to first
electron(hhlgel), first light hole to first electrorilhl,el), second 24, =4.42 meV, and 2,,=6.76 meV. The measurements
heavy hole to second electr¢hh2g2), and second light hole to jndicate an additional increase of the linewidth as a function
second electron (Ih&2). The inset shows the self-consistently cal- ¢ magnetic field(Fig. 3.
culated band structure. In a transverse static magnetic field the energy of the ex-

citonic transitions is expected to show a diamagnetic shift
ond heavy and light hole to the second electron subleveand to be split due to the Zeeman effect. In the range of
[(hh2g2) and (Ih2,e2)]. These four transitions are clearly magnetic fields used in our experiment the diamagnetic shift
visible in the transmission spectrum of Fig. 1. The energiegs expected to be small and to shift the position of the ab-
of these transitions agree well with subband calculations resorption lines only slightly. It is not relevant to the MCD
ported earlief, taking into account an exciton binding energy line shape and will not be discussed further. In our experi-
of 10 meV/ ment the exciton Zeeman splitting is much less than the en-

In the MCD spectrum each of these transitions has a deergy separation between the maximum and the minimum of

rivativelike structure(see Fig. 2 The intensity of the signal the MCD signal. Its extraction from the data therefore de-
increases linearly with increasing magnetic field. An interestmands a special analysis.
ing feature of these MCD bands is that ftida1el) and the The half-width of excitonic lines in quantum wells does
(Ih1l,el) transition signals are negative on the low-energynot depend on the spins of the electron and hole states. Thus
side and positive on the high-energy side while the opposit¢he absorption coefficients for both left and right circular
is true for the(hh2g2) and(lh2,e2) transitions. As will be  polarized light are described by the same function of the
shown later, the energy difference between the maximunenergy,a,=f(E—E.) and a_=f(E—E_), respectively,
and minimum of the MCD signal gives an excellent measuravhereE_, andE_ are the energies of the excitonic Zeeman
of the linewidth(207) of the transition. One can see that the levels. Assuming that the half-width of the exciton line is
linewidth increases with increasing transition eneffgig. 3. much larger than the Zeeman splittiljE=E, —E_, and
In a magnetic field of 0.5 T they areo2,,=2.82 meV, that Beer's law is valid, i.el. =1q,exp(—a.d), wherel is

the intensity of the incident light, and is the thickness of

015 : : : the sample, one can easily obtain the intensity and the shape
(bntet) of the MCD signal:
010 .
< 1 of
~ (hh2e2) __
R oos | i IMCD—2 aEAEd' (1)
% (h2e2)
& 000 The shape of the signal is essentially given by the derivative
= of the functionf. The positions of the maximum and the
8 -0.05 ¢ minimum of the MCD signal are determined by the condition
= dfl0E=0. The intensity (\,cp) of the signal is proportional
01or i to the Zeeman splittind E and increases linearly with mag-
netic field. However, in order to get an absolute value of the
0‘150'8 o 5 » ;2 splitting we have to scale the MCD signal with the logarithm

of lgml/lg- With the help of Beers law and

energy (eV) a.(E)d~f(E)d we obtain

FIG. 2. MCD spectra of the Ga; _,As quantum wells at dif- 1 f
ferent magnetic fields. All the transitions in Fig. 1 are observed to Imep _ ‘?_
have a derivative line shape. In(lgumflo) 2f(E—Ep) JE

AE, 2
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06 , : , , : , : l1l. DISCUSSION

os b B . i It is known that a magnetic field splits the ground state of

' (in1.e1) transition. -~ the two-dimensional exciton in each subband into four Zee-

04k - man sublevels, but only two of them are optically active in
. the Faraday excitation geometry. Right circular polarized

03} . light (1,) excites the|+3/2,—1/2) exciton state in the

02+ L (hh2,02) transition A -

Zeeman splitting (meV)

heavy-hole subbands and the1/2,+ 1/2) state in the light-
° hole subbandthe numbers here are the hole and electron
e A - spin projections, respectivelyLeft circular polarized light
oty 4 —  me ] (I-) excites the|—3/2,+1/2) and |—1/2,—1/2) exciton
P S (hh1,e1) transition H H H i
00 LT , . . , states _correspondlngly. _Thls res_ults in _the left wing or the
00 02 04 06 08 10 12 14 16 right wing of the MCD signal being positive, depending on
magnetic field (T) the relative order of these excitonic states.
In general, data on the excitonic Zeeman splitting and the
FIG. 4. Zeeman splitting of the different transitions as a functionMCD signal shape are not sufficient to extract the electron
of the magnetic field. andhole g factors. There are four algebraic combinations of
electron and holg factors that can describe the MCD data,
wherelg,=1,++I_ and Eq is the energy position of the depending on their relative values and signs. But for the
unsplit exciton line. For a Gaussian absorption line with half-In , 54Gag 47As/INP quantum wells, which are the object of

width o, this study the electrory factor is well determined to be
g% =—3.38 and this enables us to determine théactor of
C (E—Ey)? the holes.
f(E-Eo)= ﬁe)@( B T)' (3) The MCD signal of the first heavy-hole subband has a

positive right wing and the smallest Zeeman splittifsge

where the constar@ is proportional to the oscillator strength Figs. 2 .arld JL.This is th_e situation_illustrateg in Fig,@ and
of the corresponding optical transition, the MCD signal Iinethf Sp"tt'i‘g is determined be_“BB(|ge|_3|ghhl|) if
shape should have a typical derivative shape with extremts|>3|0hnil. and we obtairgy,,= —0.68+0.1.

separated by @. The normalized MCD signdEq. (2)] can The positive right wing for the MCD signal for the light-
thus be rewritten: hole transitions indicated in Fig.( is possible only if

gih>951>0, and the splitting energy of tHéhl,el) transi-
tion is AE= ugB(gjh;— |95 |). As a result, we obtain for the
light-hole g factor gjj,; =8.87+1.2.
The positive left wing of the MCD signal for the heavy-
The intensity of the MCD Kycp) divided by the logarithm hole transitiongsee Fig. 3] is only possible ifg;,<0 and
of the transmission intensityin(lg,/10)] is inversely pro-  3|gh>|gs|, thus for the (hh2g2) transition
portional to the square of the half-width of the absorptionAE= ugB(3|gf —|gs|). This results in a heavy-holg
line and proportional to the Zeeman splittidgE. At the  factor for the second subband gff,,= —1.81+0.4.
maximum or minimum of the MCD intensity, i.e., at  The weak MCD signal intensity of th¢h2,e2) transition
E=Eq=* o, this relation becomedE/20. This provides a does not allow the determination of tige factor; thus we
tool for the experimental determination of the Zeeman split-excluded this transition from the analysis.
ting from a measurement of the MCD and the transmission In order to be able to compare tigevalues obtained by
spectrum, both of course for identical experimental condithe above analysis we also performed effective-mass calcu-
tions. lations. In effective-mass theory tlievalues can be calcu-
The above described analysis should hold for the case a@éted from the Luttinger parameters and the in-plane effec-

experimentally well determined optical transitions, i.e., notjye massmy,,, of the nth heavy-hole subbart:
other effects influence either the MCD or the transmission

spectrum. In our case of excitonic transitions in a quantum . 2 1

well, two complications aris&1) to obtain “pure” transmis- Oim=3| 3k = v1= Y2t m ) )

sion spectra, reflectivity effects have to be taken into ac- )

count; and(2) the exciton lines are superimposed on theWheréx,yi, andy, are the Luttinger valence-band param-
intersubband transitions of free electrons and holes. In th8ters. FOr I 5558 47As quantulry wells these parameters are
MCD spectra these effects do not cause any signal. Howeve¥1=10.8, 7,=4.2, and«=3.7;" the heavy-hole mass was
they modify the transmission spectrum. In order to determinéletermined in Ref. 11 to b@j,,=0.35m,. With these values
the transmission due to the excitonic transitions only, wewe obtaingy,;= —0.69, which clearly falls within the limi-
considered the reflectivity of GaAs in the spectral range otations given by the experimental line shape
interest to be constant and substracted constant values také®™>3gy,,>03) and agrees well with the value obtained
at appropriate energies below the excitonic lines. This analyfrom the analysis above.

sis gives the dependence of the Zeeman splitting for the The in-plane effective mass of the second heavy-hole sub-
(Ih1,el), (hh2g2), and (hhlgl) transitions on magnetic band has not been experimentally determined yet, therefore a
field as shown in Fig. 4. similar comparison is not possible. But the good agreement

Imco _E_Eo
IN(lguml/lo) 207 AE. @
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between the EMT calculations and the MCD analysis demereases the radius of the exciton and increases its transla-
onstrated for theéhh;,e;) transition may allow one to esti- tional effective mass$? Both effects lead to the localization
mate this effective mass using E&). With theg value of  of the exciton within a smaller area of the quantum well, and
gnn2= — 1.81, we calculate for the second heavy-hole bandtatistical fluctuations within a smaller area are larger than
an effective mass afj;,,=0.85. those in a more extended one. This can explain the observed
Effective-mass theory can also give a relation between thécrease of the exciton linewidth in a magnetic field.
effective g factor (gf,,) and the effective in-plane mass  In the analysis of the MCD signal the line shape of the
(m#)for thenth light-hole subbands. Calculations similar to @0sorption coefficient was assumed to be a Gaussian. A simi-
those for the heavy-hole subbands lead to the following rel@r analysis using a Lorentzian line shape increases the ob-
lation: tained values for thg* factors only by 1.2%. The accuracy
of the analysis, which depends mostly on the precise deter-
N * mination of the transmission, is estimated to be about
Ginn=2(k+ 2= y2— LiMjyy). ©) +10 % for theg values. This uncertainty is the dominant

With gy,;=8.87 we obtaim:, =0.17m,. This value is quite  €rror in the analysis.
reasonable because compared to the bulk value the in-plane
light-hole mass becomes heavy in a quantum Well.

The observed increase of the linewidth of the excitonic
transition with increasing transition energy can be explaineq(/I
by taking fluctuations of the well width into account. Using
the simplest model of a quantum well with infinity high po-
tential barriers, one can easily see tha&{E=2¢
~2(Enet Enn) 0L, /L,, whereE,gnp is the energy of the

IV. CONCLUSION

We investigated lgsGag47/AS/INP quantum wells by
CD and transmission spectroscopy. An analysis is de-
scribed that allows the determination of thdactors of the
holes in the first and second heavy-hole and the first light-
hole subbands from the experimental data. Due to the large
: ) . linewidth of the excitonic transitions this information can
nth.quantum. Size _Ievel of electromboleg) involved in the hardly be obtained by the otherwise more straightforward
_optlcal transitions In a quantum-well th'Cknds_?" andoL, approach of Zeeman measurements. Relationships between
IS a typ'Cﬁ' fluctuation of the thlcl.m.ess, which is on 'ghe orderthe effectiveg* factors and the in-plane effective mass of the
of 1 ML, i.e., oL,~3 .A'. Determining the quantization en- 5n pole sybbands are used to calculate the in-plane effective
ergy from the transmssqg spec(saeg Fig. 1and the band masses of the first light-hole and the second heavy-hole sub-
gap of bulk InGa;_,As,™ we obtain 2ryy,= 1,'59 me\_/, band. The half-widths of the observed subband transitions
201,=3.48 meV, and &p,=10.6 meV. Despite the Sim- ;. aase with increasing transition energy and magnetic field,
plicity of the model, these values agree rather well with thenich can be qualitatively understood in terms of statistical

experimentally determined half-widths. . fluctuations of the quantum-well thickness into account.
The increase of the linewidth of the excitonic transitions

with increasing magnetic field can also be explained within
the model of random two-dimensional statistical fluctuations
of the quantum-well thickness. A two-dimensional exciton The authors thank M. Rosen for useful advice and for
smooths out all the thickness fluctuations that have a laterabading the manuscript. AlL.L.E. wishes to acknowledge the
size smaller than the exciton radius. A magnetic field desupport of the Deutsche Forschungsgemeinschatft.
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