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High resolution photoreflectance (PR) spectroscopy study on a single GaAs/AlGaAs quantum well

representing a two-dimensional (2D) system, shows additional distinct spectral features on the high

energy side of the first confined heavy-hole and light-hole exciton transitions. The PR experiments

involved a special dual detection technique which significantly improved the measurement

sensitivity. Photoluminescence excitation spectroscopy data on the sample showed broadened

step-like features around these energies. A detailed lineshape analysis, including first principles

simulations, was performed to understand the origins of these additional PR spectral features. They

are shown to arise primarily from inhomogeneously broadened first excited state transition of the

excitons, rather than from a change in the joint density of states at the exciton continuum edge. The

analysis suggests that such features are more likely in the case of 2D excitons as compared to 3D

excitons in bulk material. Apart from its significance for post-growth characterization,

identification of these additional PR features enables direct estimation of the exciton binding

energy. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869398]

I. INTRODUCTION

Low dimensional semiconductor systems continue to be

of interest both for the fascinating array of novel physical

phenomenon observed in them, as well as their potential for

application in newer and improved electronic devices. Two

dimensional (2D) semiconductor quantum wells (QW) in

particular already find extensive use as active regions of

opto-electronic devices such as light emitters and detectors.

The change in the electronic band structure (EBS) when car-

riers are constrained to move in 2D plays an important role

in determining properties of QWs. Modulated reflectance

spectroscopy techniques such as photo-reflectance (PR) are

important tools for studying the EBS of such systems.

Typically in a PR spectra, one finds sharp features at ener-

gies corresponding to critical points in the EBS where the

joint density of states changes abruptly. In a GaAs/AlGaAs

QWs, such features are expected at the onset of transitions

involving confined electron and heavy-hole (em hhm0) or

light-hole (em lhm0) states, where m and m0 are the confine-

ment indices. Due to increased exciton binding energy Eb in

2D, such transitions typically involve excitons. There is also

the possibility of observing features not just due to the

ground state exciton (n¼ 1, n being the exciton level index)

associated with each em hhm0 or em lhm0 transition, but also

due to higher excitonic states (n¼ 2 and so on).1 In addition,

there have been suggestions about the possibility of a spec-

tral feature at the exciton continuum edge, where the n¼1
excitonic transition occurs and which coincides in energy

with the onset of interband transition.

The observation of a weak and not clearly resolved PR

feature at an energy slightly higher than the e1hh1 and e1lh1

ground state (n¼ 1) exciton energy in GaAs/AlGaAs multi

QWs was first reported by Shen et al.2 and their origin was

attributed to the exciton continuum edge. A later study by

Theis et al.3 claimed to have experimentally observed a fea-

ture due to the e1hh1 first excited state (n¼ 2) exciton transi-

tion but their theoretical calculation also suggested the

possibility of observing a continuum edge related spectral

features in the PR spectra, which they were unable to detect.

They therefore concluded that such features must be weaker

than even normally forbidden transitions that are seen in

QWs when there is a confinement potential asymmetry, for

instance, due to built-in electric fields. Theis et al.3 tried to

provide an alternative explanation for the features seen by

Shen et al.2 suggesting that these features could have origins

in M1 saddle point transitions due to superlattice formation.

Multiple spectral features around the main ground state exci-

ton transition energy have also been attributed to the pres-

ence of inhomogeneous growth induced small pockets in the

sample which have a well width that is different from the

majority of the sample.4 A more recent attempt at theoretical

modelling of PR lineshapes in QWs has however completely

ignored the possibility of additional transitions close to

ground state n¼ 1 exciton transition.5

Verifying the presence of such additional PR spectral

features in 2D systems and understanding their exact origins

have become important in the context of materials of current

research interest such as group III Nitride QWs and mono-

layer MoS2. If the exciton binding energy Eb is small (�few

meV) then inhomogeneous broadening of the transitions,

arising from defects and impurity related band tailing, makes

it difficult to observe any fine structure in the spectrum.

However, Eb in bulk6 GaN is 26 meV and will be higher still

in a GaN QW. Similarly in case of monolayer MoS2, the Eb

has been predicted7 to be as large as �900 meV. Therefore,a)Electronic mail: sangho10@tifr.res.in
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there is a good possibility of seeing PR spectral fine structure

in such systems and their proper identification would be nec-

essary for determining their EBS. In general, the knowledge

of the physical origins of spectral features and their line-

shapes in a modulated reflectance spectrum are of significant

practical importance. This is because techniques such as PR

are often used as post-growth non-destructive characteriza-

tion tools8,9 and the PR spectrum of a typical multilayered

semiconductor device structure can have several spectral fea-

tures due to the different layers present. In addition, the pres-

ence of built-in electric fields can distort the QW potential

leading to additional spectral features associated with

normally-forbidden transitions. To analyze such complex

spectra, it becomes important to understand all the physical

phenomena that can give rise to spectral features and also

what the corresponding PR lineshapes would look like.

Here, we have taken a GaAs/AlGaAs QW as a model

2D system and performed a PR spectroscopy study with the

aim of verifying the presence and understanding the origins

of additional spectral features in such systems. The study

involved a special detection technique to measure weak sig-

nals and also detailed lineshape fitting and simulation which

is described in Secs. II and III.

II. EXPERIMENTAL DETAILS

The GaAs/Al0.35Ga0.65As QW used in this study was

grown on a GaAs (001) substrate using metal-organic

vapor-phase epitaxy with triethyl-gallium/aluminum and ar-

sine as precursors. No intentional dopants were added and

growth temperature was maintained at 650 �C with a V/III

ratio of 18 to minimize impurities.10 The structure consisted

of a single GaAs QW layer of width 4 nm sandwiched

between two 31 nm thick Al0.35Ga0.65As barrier layers, with

a 11 nm thick GaAs cap layer on top. This QW width was

chosen so that the ground state e1hh1 and e1lh1 exciton tran-

sitions are well separated, thereby enabling any additional

spectral feature to be clearly seen. High resolution X-ray dif-

fraction measurements confirmed the good crystalline quality

of the sample. In PR measurements, a 532 nm frequency

doubled Nd-YAG laser, mechanically chopped at 175 Hz,

was used as the pump beam. For the probe beam, we used

light from 100 W Tungsten lamp, dispersed by a 0.5 m focal

length monochromator (MC) with a bandpass of 0.55 nm

(�1 meV at 760 nm). Phase sensitive detection was per-

formed using a lock-in amplifier. Since we wanted to mea-

sure weak signals, we used a novel detection scheme11

involving two Si photodiode detectors working simultane-

ously. One measured the PR signal plus the background

while the other measured only the background and a real

time subtraction of the background was performed before the

signal was fed to the lock-in amplifier. This enabled instanta-

neous variations in the background signal, largely due to

changes in the photo-luminescence output arising from

pump beam intensity fluctuations, to be suppressed thereby

improving the signal to noise ratio by more than a factor of

30.11 We also performed photo-luminescence excitation

(PLE) measurements where light from a 75 W Xe discharge

lamp dispersed by a 0.125 m focal length MC was the pump

beam and the signal was detected using a combination of the

a 0.55 m focal length MC and a cooled Si charge coupled de-

vice detector. For all these measurements, the sample was

cooled down to 12 K using a closed-cycle He refrigerator.

III. RESULTS AND DISCUSSION

Figure 1 shows the measured PR signal (change in reflec-

tance DR divided by reflectance R) of the sample at 12 K as a

function of photon energy (E). Two dominant spectral fea-

tures are seen around 1.63 eV and 1.66 eV. On the high

energy side of each of these, one also finds another smaller

humped feature indicated by arrows on the plot. To estimate

the transition energies and other parameters, we have fitted to

these features Aspnes’ derivative functional form lineshape

function with a modified set of fitting parameters given by12

DR

R
¼ <e

aj2ðj1cÞmeið/þ½m�3�p
2
Þ

ðE� E0 þ ij1cÞm

" #
;

j1 ¼ 0:364m� 0:147; j2 ¼ �0:115mþ 1:7:

(1)

The choice of exponent m is decided by the nature of the

transitions, for the present case of inhomogeneously broad-

ened exciton transition the appropriate value is 3. E0 is the

transition energy, while c, a, and / are the modified broaden-

ing, amplitude, and phase factors, respectively. These rede-

fined parameters have several advantages,12 for instance,

their values do not change for any practical choice of m, the

value of a can be easily related to DR=R magnitude, all of

which helps in making a good guess for the initial parameters

during a non-linear least squares lineshape fitting procedure.

However, in the present context the most important advant-

age is that for inhomogeneously broadened transitions, c
directly gives the full-width at half-maximum of the associ-

ated Gaussian broadening function.

The relevant parameter values obtained from fitting the

first (second) dominant PR feature were E0¼ 1.6317 eV

(1.6606 eV), c¼ 3.6 meV (4.7 meV), and / ¼ 24� ð�1:2�Þ.
The measured E0 values agree well with our calculated

FIG. 1. PR spectrum of the 4 nm thick GaAs/Al0.35Ga0.65As QW at energies

around the first confined electron-heavy hole (e1hh1) and electron-light hole

(e1lh1) exciton transitions. Additional features seen on the high energy side

of the main transitions are identified by arrows. The fitted lineshapes given

by Eq. (1) are also shown.
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ground state (n¼ 1) lowest confined (m¼ 1, m0 ¼ 1)

heavy-hole e1hh1 and light-hole e1lh1 exciton transition ener-

gies. In the calculation, we considered a finite-height square--

well potential model for the QW and the Eb value used was

obtained from an analysis that is described further below. In

this calculation, the out-of-plane hole effective masses were

taken as m�lhk ¼ 1=ðc1 þ 2c2Þ and m�hh
k ¼ 1=ðc1 � 2c2Þ,

where c1 and c2 are the Luttinger parameters.13,14

The fitting parameter values for the additional first

(second) PR feature were E0¼ 1.6425 eV (1.6726 eV),

c¼ 2.7 meV (3.4 meV), and / ¼ �126� ð�70�Þ. Note that

the lineshape symmetry, as quantified by /, is similar for

e1hh1 and e1lh1 (small numbers), but differs from those for

the additional features (large negative numbers). Apart from

the fundamental modulation mechanism, the PR lineshape

symmetry in QWs is affected by interference effects.15 If a

QW with a slightly thinner width had formed in some

regions of the sample, its overall vertical position along the

sample structure would still be nearly the same as that of

the QW that formed in the majority of the sample area.

Therefore, interference effects would modify its PR line-

shape in the same way as it would for the dominant QW.

The fact that the lineshape symmetry of these additional fea-

tures at higher energies is quite different from those of the

main PR features indicates that these additional features are

not associated with randomly distributed regions with

slightly thinner well widths.

To investigate the matter further, we performed PLE spec-

troscopy measurements with detection energy Ed¼ 1.685 eV.

The results are shown in Fig. 2. Since a part of the scattered

pump beam gets detected around Ed and distorts the spectrum

there, we used a fitting procedure using Gaussian lineshapes to

eliminate the contribution of the scattered pump beam to the

signal. This is indicated in the inset of Fig. 2. We find that the

PLE spectrum shows resonant absorption peaks at energies

corresponding to e1hh1 and e1lh1, however, around the energies

corresponding to the additional PR features one finds broad-

ened step like features.

To understand if the additional PR spectral features are

related to the PLE features and if in turn they have any

relation to the exciton continuum edge, we have performed

the following analysis. The aim is to see if we are ultimately

able to generate these additional PR spectral lineshapes from

first principles. We start by obtaining the absorption (a) spec-

trum from the PLE spectrum. For this, we need a model for a
in the presence of 2D excitons in a QW. Such an a spectrum

will have features due to transitions involving discreet

exciton states below the bandgap and Sommerfeld factor

modified band-to-band transitions above the bandgap. Some

previous studies have considered these two cases separately,

using a few discrete transitions and approximating the band-

to-band transition by a broadened step function.5,16 For the

present problem at hand, the appropriate approach would be

to use a model that naturally takes into account the infinite

set of discrete transitions as well as the Sommerfeld factor

modified band-to-band transitions. Such a formulation

considering homogeneous broadening with Lorentzian line-

shapes exists.14,17 A Lorentzian broadening approach leads

to an analytical expression18 for both the imaginary and real

parts of the dielectric function which is useful for analyzing

the R and PR spectra. However, a Lorentzian broadened

absorption lineshape does not fit our measured PLE data

well, also given that the measured linewidths are more than

4 times kBT (kB is the Boltzmann constant and at temperature

T¼ 12 K kBT �1 meV), it is more appropriate to consider in-

homogeneous broadening with Gaussian lineshapes in the

present case.19 For such a case, we obtain the following

expression for a including 2D excitonic effects:

a2Dð�Þ ¼
Ao

2pR�ya�2o Lw

2

C

ffiffiffiffiffiffiffi
ln 2

p

r fX1n¼1

4

n� 1

2

� �3

� exp �4 ln 2

�þ 1

ðn� 1=2Þ2

 !2

C2

2
664

3
775

þ
ð1

0

exp �4 ln 2
ð�0 � �Þ2

C2

" #
S2Dð�0Þd�0g: (2)

Here, � is a dimensionless quantity related to photon energy

E by � ¼ ðE� EgÞ=R�y , with Eg being the effective bandgap.

In the case of a QW Eg would correspond to the onset energy

of a particular inter-band transition in the absence of exci-

tons. The first term in the curly bracket in Eq. (2) represents

absorption due to transitions involving discrete exciton states

with indices n and the second one due to Sommerfeld factor

modified band-to-band transitions. R�y and a�o are the effec-

tive Rydberg constant and exciton Bohr radius, respectively,

and are given by

R�y ¼
lr?e4

2�h2ð4peÞ2
and a�o ¼

4pe�h2

lr?e2
;

where lr? is the in-plane electron-hole reduced effective

mass, e is the material dielectric permittivity, e is the charge

FIG. 2. PLE spectrum of the GaAs/Al0.35Ga0.65As QW sample. The line-

shape calculated using Eq. (2), with some parameters obtained from earlier

fitting of the PR spectrum, is also shown. The inset shows the uncorrected

PLE signal around the detection energy Ed fitted with a sum of two

Gaussians, one representing the scattered pump beam and the other the true

signal.
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of an electron, and �h is the Plank’s constant divided by 2p. C
is the full-width at half-maximum of the Gaussian divided

by R�y . Ao is a term proportional to the oscillator strength,14

and Lw is the QW width. S2Dð�Þ is the Sommerfeld enhance-

ment factor in 2D and is given by

S2Dð�Þ ¼
2

1þ exp½�2p=
ffiffi
�
p
� :

It would be useful to compare what happens in the case

of excitons in 3D. The corresponding expression for a is

a3Dð�Þ ¼
Ao

2p2R�ya�3o

2

C

ffiffiffiffiffiffiffi
ln 2

p

r fX1
n¼1

4p
n3

exp �4 ln 2

�þ 1

n2

� �2

C2

2
64

3
75

þ
ð1

0

exp �4 ln 2
ð�0 � �Þ2

C2

" # ffiffiffiffi
�0
p

S3Dð�0Þd�0g; (3)

with

S3Dð�Þ ¼
2p=

ffiffi
�
p

1� exp½�2p=
ffiffi
�
p
� :

In the program implemented for doing the above calcula-

tions, we considered summations to n¼ 50 and the upper

limit for the integration as �þ 10C.

Figure 3 shows the calculated a spectrum in 2D and in

3D for four different values of the normalized broadening

parameter C. Due to the derivative like nature of a modulated

reflectance spectrum, one observes spectral features around

energies where there is a sharp structure or an abrupt change

in the joint density of states. The plots in Fig. 3 essentially

mimic the energy dependence of the joint density of states.

They show that if the broadening is small (C�0:3), then at

energies higher than the ground state exciton transition

(n¼ 1), there is a distinct peaked feature due to the first

excited state exciton transition (n¼ 2), which may therefore

give rise to a spectral feature in PR. For moderate broaden-

ing with C � 0:5, there may not be a peaked feature due to

the n¼ 2 transition in 3D, but it will still arise in 2D. More

interestingly however, one finds that even when broadening

is large with C ¼ 2 and all excited state exciton transition

related features in 3D are smeared out, in 2D one can still

see a distinct asymmetric rising edge in a on the lower

energy side of the n¼ 2 transition. This is also what we

observe in our PLE data and it can possibly give rise to the

additional feature in PR. We will attempt to verify this. We

note here that for a given effective Rydberg constant and

broadening, the likelihood of seeing the n¼ 2 exciton transi-

tion is much more in 2D than in 3D mainly because of the

differing exciton energy spectral distribution which results in

a much larger separation between the n¼ 1 and n¼ 2 transi-

tion in 2D as compared to 3D.

That apart one observes that a changes over smoothly

from the discrete transition region to the band-to-band transi-

tion region at the energy corresponding to the exciton contin-

uum edge n¼1, which coincides with Eg. This is because

although the strengths of discrete transitions go down with

increasing n, their numbers increase while their energy spac-

ing reduces and it can be shown theoretically that at Eg the

limiting value of a from discrete exciton transitions exactly

matches that due to the Sommerfeld factor enhanced band-

to-band transitions. This is true in 3D and also in 2D.20 This

suggests that there cannot be a PR feature at the exciton con-

tinuum edge itself, since there is no discontinuity in the joint

density of states at this energy.

We have used Eq. (2) to fit the PLE spectrum, the calcu-

lated spectrum is shown in Fig. 2. In this calculation, the

ground state transition energies e1hh1 and e1lh1 and the

broadening parameters were kept the same as those obtained

earlier from PR lineshape fitting. The overall amplitude was

scaled to match the measured PLE data but the relative oscil-

lator strength of the heavy-hole and light-hole transition was

kept at 1:3 as expected theoretically.14,19 We enhanced the

band-to-band absorption contribution by a factor of �2 to

take into account a background signal which has also been

observed in other systems.21 We find that by using a value

R�y ¼ 3:1 meV for the heavy-hole and R�y ¼ 3:4 meV for

light-hole exciton we are able to reproduce the measured

PLE spectrum fairly well. The width of the calculated PLE

spectrum is narrower than the measured one. This is likely

due to the poorer overall spectral resolution in the PLE

FIG. 3. Calculated absorption spectra due to 2D excitons in a QW and 3D

excitons in bulk, for four different values of C which is the full-width at

half-maximum of the Gaussian broadening function divided by the effective

Rydberg constant R�y . The dashed vertical line identifies the effective

bandgap Eg which coincides with the transition at the exciton continuum

edge (n¼1). The gray lines represent part of the spectrum that has been

scaled down by fractions mentioned alongside.
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measurement. This can be inferred from the width (�2 meV)

of the scattered pump beam related feature around the PLE

detection energy Ed¼ 1.6284 nm shown in the inset of

Fig. 2. Knowing R�y , we can now identify the position of the

n¼ 2 exciton transitions as well as the continuum edge

n¼1, these are marked by the short vertical lines in Fig. 2.

We took the above fitted PLE spectrum to represent the

absorption spectrum of the QW (aQW) up to a multiplicative

constant whose value was initially guessed. From aQW, we

got the imaginary part of the QW’s refractive index contribu-

tion kQW using 4pkQW=k ¼ aQW, where k is the wavelength

of the incident light. Then using kQW and the Kramers-Kronig

relations,22 we estimated the real part of the QW’s refractive

index contribution nQW. Knowing nQW and kQW, we simu-

lated the R spectrum for our structure taking into account

multi-layer interference effects by adopting the transfer ma-

trix calculation technique.23 The refractive indices for GaAs

and Al0.35Ga0.65As were taken from literature.24 This simu-

lated R spectrum was matched with the experimentally meas-

ured one to obtain the correct value of the multiplicative

constant mentioned above. Figure 4(a) shows the measured

and the final simulated R spectrum, while Fig. 4(b) shows the

nQW and kQW spectrum obtained through this process.

Finally, in order to obtain the PR spectrum, we consid-

ered the following. In a PR measurement, the chopped pump

beam generates electron-hole pairs which periodically modu-

late the naturally built-in electric field in a semiconductor

sample. Influence of this changing electric field on the

dielectric function is usually the dominant mechanism that

gives rise to features in a PR spectrum. In the case of a QW,

the reduction of the built-in electric field across the well

region results in a blue shift of the interband transition

energy. This phenomenon is essentially a consequence of the

quantum confined Stark effect.14,19 We invoked this mecha-

nism and shifted the effective bandgap Eg by an amount dEg

and recalculated nQW, kQW, and the modified reflectance

spectrum R0. The PR spectrum was then obtained as

DR=R ¼ ðR0 � RÞ=R. A value for dEg was chosen so as to

get the correct magnitude of the PR spectral feature corre-

sponding to the ground state n¼ 1 e1hh1 exciton transition,

which in our case turned out to be �36 leV. Figure 5 shows

the final simulated PR spectrum. One finds that the two main

features due to the n¼ 1 e1hh1 and e1lh1 transitions seen in

the experiment are very well reproduced. More importantly,

we also see additional features at higher energies as were

seen in the measured PR spectrum in Fig. 1. These features

also have a dominant hump like shape, which is similar to

that in the experimental spectrum. These additional features

arise around the energy corresponding to the first excited

state n¼ 2 exciton transitions. They originate from the asym-

metric rising edge of the n¼ 2 exciton transitions. Note how-

ever, these additional features in the simulated PR spectrum

are weak compared to the measured ones. This we believe is

mainly due to the approximate nature of our model for the

aQW spectrum. The actual aQW spectrum is likely to have

sharper spectral features. Evidence for this can be found in

Fig. 4(a) where, for instance, one can see a weak but well

defined feature around 1.642 eV (energy of the n¼ 2 e1hh1

transition) in the measured R spectrum when compared with

the smeared out feature in the simulated one. Sharper fea-

tures in R would lead to stronger features in the “derivative

like” PR spectrum.

By assigning these two additional PR features to excited

state e1hh1 and e1lh1 exciton transitions with n¼ 2, one can

directly estimate the effective Rydberg constants. For this,

we use the formula defining the exciton energy spectrum in

2D which goes as R�y=ðn� 1=2Þ2 and gives R�y ¼ 9DE=32,

where DE is the difference in the energy of the ground state

n¼ 1 and first excited state n¼ 2 exciton transition. Using

the transition energies obtained from PR measurements

given earlier and the above relation, we estimate the effec-

tive Rydberg constants for the heavy-hole and light-hole

excitons to be R�yhh ¼ 3:04 meV and R�ylh ¼ 3:38 meV,

respectively. These values are in good agreement with the

ones estimated from fitting the PLE spectrum discussed

earlier. One can further test these values as follows. In the

2D limit one gets R�lhy =R�hh
y ¼ llh

r?=l
hh
r?, which is the ratio of

the in-plane electron-hole reduced effective masses (see

Eq. (3)). From the above numbers R�lhy =R�hh
y � 1:1. This

larger than 1 value might seem odd to begin with, however,

FIG. 4. (a) Measured and simulated reflectance (R) spectrum of the

GaAs/Al0.35Ga0.65As QW sample. Some of the parameters used in the simu-

lation were obtained from the earlier lineshape fitting of the PR and PLE

spectrum in Figs. 1 and 2, respectively. (b) Spectral dependence of the real

(nQW) and imaginary (kQW) part of the refractive index contribution of the

QW estimated through the process of simulation of the R spectrum.

FIG. 5. First principles simulation of the PR spectrum of the

GaAs/Al0.35Ga0.65As QW sample. Apart from the ground state (n¼ 1)

heavy- and light-hole exciton transitions, spectral features at higher energies

identified with the first excited state (n¼ 2) exciton transitions are also seen.
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it is well known that in a GaAs(001) QW the in-plane effec-

tive mass ratio for carriers in the light-hole band (identified

by total angular momentum J¼ 3=2 and Jz ¼ 61=2) is heav-

ier than those for carriers in the heavy-hole band

(J ¼ 3=2; Jz ¼ 63=2). The in-plane effective masses are

given by m�lh? ¼ 1=ðc1 � c2Þ and m�hh
? ¼ 1=ðc1 þ c2Þ, where

c1 and c2 are the Luttinger parameters.14 Using the values of

these parameters for GaAs,13 we get the theoretically

expected effective Rydberg ratio to be �1.2, which agrees

qualitatively with the above experimental estimate.

However, one needs to note the following. In a quasi-2D sys-

tem like our QW, the exciton’s binding energy Eb is always

less than four times the bulk Eb value and is well width

dependent.25 Its spectrum therefore does not exactly follow

the relation given earlier in this paragraph. The analysis

followed in the present work therefore implies that the

quasi-2D nature of the excitons here has been approximately

and indirectly incorporated into the value of the effective

Rydberg constant. Hence, four times our measured effective

Rydberg constant should yield Eb values in the QW that are

less than four times the bulk Eb values. From our measured

R�hh
y ;R�lhy values, we obtain the heavy-hole and light-hole Eb

values as 12.2 meV and 13.5 meV, respectively. These num-

bers are indeed smaller than four times the expected corre-

sponding bulk Eb values which, considering the above

mentioned in-plane effective masses, come to 13.3 meV and

16.2 meV.

IV. CONCLUSIONS

In conclusion, we have shown that sensitive high resolu-

tion PR measurements can reveal additional spectral features

on the high energy side of the ground state exciton transi-

tions in semiconductor QWs. Such features can also be

observed in a conventional PR measurement that uses only

one detector, if the signal-to-noise ratio is good. Their origin

can be traced to the modification of the joint density of states

around the energy corresponding to the first excited state

exciton transition. The energy positions of these features are

therefore slightly lower than the energy of the exciton con-

tinuum edge. Once identified, they directly give an estimate

of the exciton binding energy. On the issue of whether these

features have any direct connection with the exciton contin-

uum edge, our analysis negates such a possibility. This is

because the joint density of states in 2D is continuous at the

exciton continuum edge, as it is in 3D, and therefore, a fea-

ture in the modulated reflectance spectrum related to the

exciton continuum edge cannot arise. For the same effective

Rydberg constant, the larger spacing between the n¼ 1 and

n¼ 2 exciton transition in 2D increases the likelihood of a

PR feature due to the n¼ 2 transition being resolved and

seen, when compared to bulk material. One can therefore

expect to find such spectral features in the new class of 2D

monolayer semiconductor materials.
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