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The low-temperature photoreflectance and phototransmittance spectra of a 100 A-period

Ino»Ga«8As/GaAs strained-layer superlattice exhibit oscillatory behavior at photon energies

above the absorption edge. This behavior can be consistently interpreted in terms of Franz-Keldysh
oscillations induced by a built-in electric 6eld of =—10 V/cm and are made possible by a rather

large electron miniband dispersion (6=—38 meV). The refiectivity spectrum also shows signs of inci-

pient Stark-ladder formation.

The presence of an electric field F profoundly affects
the electronic states of a semiconductor. ' In cases
where the effective-mass approximation is valid, the
eigenstates are represented by Airy functions, which are
delocalized and have a continuous-energy spectrum (the
Franz-Keldysh effect). The oscillatory nature of the Airy
function is rejected in the appearance of oscillations in
the frequency dependence of the absorption coeScient
and other related quantities. ' These Franz-Keldysh os-
cillations (FKO's) appear above the energy gap, their
period scales with electric field as F and have been
widely observed in the modulated absorption and
reAectivity spectra of bulk semiconductors. The
effective-mass approximation breaks down when the elec-
tron (hole) is capable of gaining energies from the electric
field which is comparable to or greater than the band-
width 6 of the zero-field energy band. In this high-field
regime a tight-binding approach shows that eigenstates
become discrete (Stark ladders) and localized on a length
scale A, =4/eF, where e is the electronic charge. These
are known as Stark-Wannier states. ' Although the valid-
ity of this result was initially questioned, it is believed
now that both approaches are valid in different ranges of
electric fields and bandwidths. Thus, in bulk solids,
where bandwidths are very large (b, —= 1 eV), no clearcut
evidence was found of Stark-Wannier states (which would
require very large electric fields), while the appearance of
Franz-Keldysh oscillations is a common occurrence.
On the other hand, in a semiconductor superlattice band-

widths can be tailored to a few tens of a meV and Stark
ladders could occur at easily attainable fields. These ex-
pectations are confirmed by recent experimental observa-
tions made in Al, „Ga,As/GaAs superlattices.
Theoretical calculations show that two regimes, Franz-
Keldysh (FK) and Stark-Wannier (SW), can exist in these
superlattices in opposite extremes of electric-field values
given approximately by

«1 (FK)f =eFD/b, =D/k & 1 (SW),
(la)
(lb)

eFao ~ E„, ,

where ao and E,„,. are the Bohr radius and binding ener-

gy of the exciton, respectively. Thus, depending upon a

where D is the period of an X-period superlattice. In
both cases we must have Nf =ND/A, &)1 in order to
avoid edge effects. Excitonic effects are not included in
the treatment of Ref. 9. A more recent calculation shows
that these effects, and those of possible Auctuations in the
superlattice period, do not substantially alter the high-
field results. ' In the low-field limit exciton formation
should contribute to localize the carriers and would, thus,
inhibit the appearance of Franz-Keldysh oscillations.
Hence, these oscillations should be observed only when
the field is large enough to ionize the exciton, i.e.,
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delicate balance between F, D, ao, E,„„and 6, we could
have localized excitons and delocalized Franz-Keldysh
states in the low-field limit. On the other hand, the high-
field limit always results in Stark-Wannier states. This
might be the reason why all the reports so far on
Al, Ga As/GaAs superlattices show evidence of
Stark-ladder formation but not of Franz-Keldysh oscilla-
tions. Although some such oscillations are seen in the
electroreflectance data of Voisin et al. ,

" they are attri-
buted to bulk contributions from the space-charge region
in the GaAs buffer layer. This ambiguity in identifying
the source of the oscillations would be removed if obser-
vations were made in superlattices fabricated in such a
way that the material composing the quantum wells did
not appear in bulk form in any other part of the sample.
This is the case of In, Ga~ „As/GaAs superlattices,
where the alloy material appears only in the quantum
wells. Thus, any oscillations in the In, Ga, ,As photon-
energy region cannot be ascribed to a bulk effect. An ad-
ditional advantage of this system is that strain decouples
heavy- and light-hole states. On the negative side,
broadening by random alloy potential and strain relaxa-
tion complicates the theoretical analysis. A recent
electroreflectance experiment performed in this type of
superlattice' shows evidence of oscillatory behavior, in-
terpreted by the authors as Franz-Keldysh oscillations.
We believe, however, that the displayed line shapes could
also be interpreted in terms of Gaussian excitons; also,
the authors make no effort to examine the field depen-
dence of the periodicity in their oscillations. In the
present work we present photoreflectance and
phototransmission spectra of a 100 A-period
Ino, 2Gao ssAs/GaAs superlattice' which exhibits unmis-

takable oscillatory behavior. These oscillations occur at
energies E„above the lowest heavy-hole to conduction-
band transition (Eo) and their period scales as

(E„Eo) ~ . Thi—s and the general form of the spectra
lead us to identify them as Franz-Keldysh oscillations.
The period of the oscillations would be explained by the
existence of an electric field (unintentionally built-in dur-
ing growth) of F=7kV/cm. A b—andwidth of 6=—38 meV
is obtained from a calculation using the envelope-
function formalism, ' ' yielding f =0.18. Such a field
satisfies the inequalities of Eqs. (lb) and (2), thus lending
plausibility to our interpretation. Even so the incipient
formation of Stark ladders cannot be ruled out. In fact,
recent experiments on this type of superlattice revealed
clear evidence of Stark-ladder formation in samples with
b, =—15 meV (which is small enough to preclude the obser-
vation of FKO's). ' In any case, we believe that our re-
sults are the first evidence of a field regime in which
Franz-Keldysh states exist.

The sample used in our experiment is a 20-period su-
perlattice of Ino &2Gao zsAs/GaAs with equal (50 A)
quantum well and barrier thickness grown by metal-
organic chemical-vapor deposition on a (100) GaAs sub-
strate. ' Previous Raman measurements performed on
this sample allowed quantitative determination of the
strain present in each type of layer. ' The quality of the
interface and the value of the sample parameters were
confirmed by x-ray, TEM, and photoluminescence mea-
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FIG. 1. PhotoreAectance and phototransmission spectra of
our sample at room and liquid-nitrogen temperature.

surements. ' ' Experiments were also carried out in a
piece of this sample which was subjected to annealing at
850'C during 30 min in an AsH3+H2 atmosphere. This
was done in an effort to determine the importance of in-
terface roughness in the interpretation of our results. We
measured the transmission and reflectivity spectra modu-
lating the signal with a secondary light beam from a He-
Ne laser. Measurements were performed both at 300 and
at 77 K, with the sample immersed in liquid nitrogen.
The experimental setup is standard in photomodulated
spectroscopy, with reflected and transmitted light
detected by a Si photodiode whose output goes into a
Stanford SR 530 lock-in amplifier. Both ac and dc out-
puts are digitalized and stored in the memory of a PC-XT
microcomputer which also controls the spectrometer
scan. No contact was made on the sample, so that the
electric field inferred from our spectra is built-in as a
consequence of growth conditions.

The modulated refiectivity (b,R/R) and transmission
(hT/T) spectra, at 300 and 77 K, of our sample are
displayed in Fig. 1. Reflectivity curves show a peak at
1.506 eV (1.426 eV) at 77 K (300 K) which corresponds to
the Eo transition of the GaAs barriers and buffer layer.
Another feature that appears in all spectra is a weak line
at approximately 40 meV below the GaAs feature. This
line appears consistently in a large variety of
In„Ga, „As/GaAs superlattices and some of the sub-

strates, and is attributed to an impurity present in the
GaAs portions of our sample. ' The remaining part of
the spectra could, in principle, be interpreted by attribut-
ing an intersubband transition to each one of the ob-
served features. Within this framework, we tried to fit
this portion of our spectra with a variable number of
Aspnes third-derivative line shapes (TDLS). ' For con-
sistency, at a given temperature, the same number of
transitions (at approximately the same energy position)
should fit both b,R/R and hT/T spectra. It is possible
to obtain excellent fits by this procedure using two lines
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TABLE I. Parameters obtained by 6tting our spectra with third derivative line shapes. For the annealed sample a Gaussian line
shape (see Ref. 20) was used.

300

Sample

As grown

(eV)

1.337
1.347

hT/T
(I „)

(meV)

(10)
(10)

100
83

E„
(ev)

1.333
1.350

AR /R
(r„)

(meV)

(7)
(8)

77

As grown

—1

0
1

2
3

4

1.415
1.423
1.430
1.439
1.455

(8)
(7)

(5)
(11)

100
73
41
50
22

1.403
1.413
1.422
1.434
1.445
1.458

(8)
(9)
(7)
(5)
(6)
(5)

31
100
140
58
18
10

77
Annealed

1.414
1.446

(4)
(8)

100
20

for the room-temperature spectra and five lines for the 77
K transmission spectrum. For the b,R /R spectrum at 77
K an additional weak line at 1.403 eV is necessary to ob-
tain a good fit to the data. The energy (E„), linewidths
(I „), and relative intensities (I„) obtained from these fits
are listed in Table I. The transitions are numbered in
consecutive order, taking as n =0 the lowest-energy
strong line, whose energy position (Eo) coincides with the
first allowed heavy-hole to conduction-band transition at
the center of the minizone (I point). In general, we see
that there is good agreement in the values of E„„I „,and
I„obtained by fitting the reAectivity and transmission
spectra. The most striking difference occurs at 77 K,
where the bR/R spectrum shows a line (n = —1) not
present in bT/T. Even more curious is the fact that
while only two lines are needed to fit the room-
ternperature spectra, five or six are necessary to describe
the low-temperature ones, in spite of the fact that the
linewidths do not show a substantial decrease upon cool-
ing (see Table I). In contrast, previous absorption mea-
surements' in this sample showed only two sharp lines
which could be consistently assigned to allowed transi-
tions between heavy- and light-hole states to the only
confined conduction-band state for a band-offset parame-
ter Q =bE, /bE =0.57. It could be argued that the
electric-field modulation produced by the photoinjected
carriers brings out forbidden transitions not observed in
the unrnodulated spectrum. In order to test this hy-
pothesis we compared the energy position of the lines ob-
served in the 77 K spectra with all possible allo~ed and
forbidden transitions (both at the minizone center, I
point, and edge, n point) in this energy region. These
transitions are calculated with an envelope-function for-
malism' ' as a function of the band-offset parameter Q.
This comparison is shown in Fig. 2, where straight lines
are drawn for each value of E„ in Table I and curved
lines represent intersubband transitions calculated for
several values of Q. We see that the number of observed
lines exceeds the predictions of the theoretical model and
that no consistent assignment can be done in this way for
any value of Q.

An alternative interpretation can be made by regarding
the features observed in the spectrum as oscillations re-
lated to the fundamental absorption edge (Eo, transition
from the first heavy-hole level to the only conduction-
band level at the minizone center) produced by the pres-
ence of an electric field built into the sample. In order to
consider this possibility we reproduce in Fig. 3 [curves (a)
and (b)] the relevant portion of the low-temperature
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FIG. 2. Comparison between the calculated transition ener-
gies for all possible allowed and forbidden transitions (in the en-
ergy interval of interest) as a function of the band-offset parame-
ter Q (thick curved lines), and the transition energies (mean
value of hR/R and hT/L) of Table I for 77 K (straight lines).
The arrow indicates the position of the extrapolated value for
Eo from Fig. 4{a).
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FIG. 3. Detail of hR/R and hT/T spectra. Solid lines in
curves (c) and (d) are least-squares fits to standard modulation
spectroscopy line shapes with two transitions, whose parameters
are listed in Table I.

E„=Eo+fiQX„(n =1,2, 3, . . . ),
with

fiQ=(e F fi /8p)'~

and

X„=[3ir(n —
—,')/2] ~

(3a)

(3b)

(3c)

In the above equations e is the electronic charge and p is
the reduced effective mass. ' The linear relationship be-
tween E„and X„predicted by Eqs. (3) is indeed obeyed
by our data, as shown in Fig. 4(a). Here open (solid) cir-
cles are extrema obtained from the b,R /R (AT/T) spec-
trum, while the straight line is a least-squares fit to the
data which gives F=6.7 kV/cm and E0=1.414 eV.
This value of E„,when inserted in Fig. 2, gives Q =0.57
in excellent agreement with previous results from photo-
lurninescence and transmission experiments. ' The value
of F, when used in conjunction with the calculated

reAectivity and absorption spectra. First we observe that
the shape of the spectra is identical to that obtained for a
single transition at a three-dimensional (3D) singular
point in bulk GaAs when Franz-Keldysh oscillations are
present. With this interpretation, the extrema of the os-
cillations can be numbered in consecutive order starting
from the exponential tail below E0 and the energies of
these extrema (E„,n ~ 1) should scale as

FIG. 4. Plots of the linear relationships of Eqs. (3) and (4).

dispersion of the electronic miniband' (b, =38 meV)
gives f =0. 18, consistent with the requirements of Eqs.
(lb) and (2). Thus, we can consistently interpret the low-
temperature rellectivity and transmission spectra (with
the exception of the n = —1 line in bR/R) in terms of
FKO's. The room-temperature AT/T spectrum is shown
in curve (d) of Fig. 3. When interpreted in the same way,
we can distinguish a smaller number of rapidly damped
oscillations. This is not surprising, since increasing the
temperature increases the lifetime broadening of the elec-
tronic state and decreases the spatial coherence length of
the wave function. In this sense, increasing the tempera-
ture has the effect of localizing the electronic states and
thus ultimately destroying the Franz-Keldysh oscilla-
tions. In the spectrum of Fig. 3 [curve 3(d)] only three
oscillations can be clearly made out. A plot of E„versus
X„(not shown) gives Eo= l. 334 eV, in perfect agreement
with the prediction of the Bastard model for Q =0.57,
and F= 11 kV/cm, consistent with the 77 K result.
However, the localization produced by the temperature
increase is so sharp that the spectrum could equally well
be fitted by two TDLS with the transition energies listed
in Table I, which coincide with the model calculation for
the first allowed heavy- and light-hole transition to the
only conduction-band level (Q=0.57). Hence, the in-

crease in the number of "lines" that is shown in the spec-
tra upon cooling is merely due to an increase of the spa-
tial coherence of the electronic wave function which al-
lows the oscillatory behavior of the states, in the presence
of a field F—=7 —11 kV/cm, to manifest itself. An alter-
native form of localizing the wave function at low tem-
peratures could be achieved by increasing the interface
roughness and fluctuations in the superlattice periodicity.
In order to produce this effect we subjected a part of our
sample to the annealing procedure already described.
The modulated transmission spectra at 77 K of this sam-

ple is shown in curve (c) of Fig. 3. A comparison of
curves (c) and (d) in Fig. 3 shows that increasing the in-

terface roughness through annealing has the same localiz-
ing effect as increasing the temperature in the original
sample. Thus, the spectrum can be easily fitted by two
transitions with Craussian profiles' ' [solid curves in Fig.
3(d)] whose parameters are listed in Table I. These lines
are easily interpreted as the first allowed transitions from
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heavy and light holes to the only conduction-band level
and agree with our model calculations for this system. '

On the other hand, the three identified oscillations in the
spectra yield Eo=1.409 eV and F-=11.6 kV/cm, when
plotting E„versus X„(not shown). Hence, all our results
are consistent with the presence of a built-in electric field
of the order of 10 V/cm which produces Franz-Keldysh
states. These states can be localized by either raising the
temperature or roughening the interfaces.

The above evidence shows that our low-temperature
spectra can only be interpreted consistently by assuming
the presence of an electric field of -=10" V/cm, which
changes the nature of the original 3D-superlattice states.
This field is large enough to dissociate the exciton [Eq.
(2)] since E,„,—=4 meV. On the other hand, the resultant
reduced field (f —=0.2) is small enough as to be compatible
with Franz-Keldysh states [Eq. (lb)]. Also, the general
shape of the spectra [curves (a) and (b) of Fig. 3] and the
linearity of our E„versus X„plot [Fig. 4(a)] lead us to be-
lieve that these states are in the Franz-Keldysh regime.
Still, how can we be sure that the observed oscillations
are FKO's and not the product of Stark-ladder forma-
tion? After all, Stark-ladder formation has been reported
in Al, „Ga„As/GaAs superlattices even at such low
effective fields, ' " and in In, „Ga„As/GaAs samples'
for f—=0.4. In this case, each of the transitions obtained
from the TDLS fit (Table I) would be a member of a
ladder given by

E„=Eo+neFD (n =0,+1,+2, . . . ) .

In Fig. 4(b) the values of E„ from Table I are plotted
against n, also resulting in a reasonably linear behavior.
The slope of the straight line of Fig. 4(b) yields F=10.4
kV/cm, in consonance with the field values obtained
from the previous interpretation. This line extrapolates
to Eo =1.413 eV in agreement with the model calculation
for the zero-field superlat tice absorption edge for
Q =0.57. This apparent agreement is rather a negative
argument since the Eo of Eq. (4) is not the absorption
edge of a 50 A/50 A superlattice but that of the isolated
quantum well. " The latter is 13 meV higher than the
former for Q =0.57, thus making the extrapolated value
of Fig. 4(b) too low by this amount. Also on the negative
side is the general line shape of curves (c) and (d) of Fig. 3
which are typical of FKO's in 3D material and do not
resemble those of previous reports on Stark ladders. " In
particular, Eq. (4) produces oscillations on both the high-
(n )0) and low- (n &0) energy sides of Eo while FKO's

only occur to energies higher than Eo. The transmission
spectrum [curve (b) of Fig. 3] shows clear oscillations
only for n &0, in agreement with the line-shape interpre-
tation in terms of FKO's. The reflectivity spectrum
[curve (a) of Fig. 3], however, shows a weak oscillation
for n = —1. This oscillation cannot be explained in terms
of Franz-Keldysh oscillations, but it is consistent with
Stark-ladder formation. On the other hand, it is the only
(and weak, at that) oscillation for n &0. In contrast, in
the Stark-ladder observations of Voison et al. ,

" the
n & 0 oscillations are the most prominent features of their
electroreflectance spectra.

From the discussion above we conclude that the low-
temperature modulated reflectivity and absorption spec-
tra of our sample can only be interpreted consistently by
assuming the existence of a built-in field of the order of
10 V/cm. This field modifies the 3D electronic states of
the superlattices. The observed spectra are best inter-
preted in terms of Franz-Keldysh oscillations, although
the existence of a below the absorption edge oscillation in
the bR/R spectrum might indicate the incipient forma-
tion of Stark ladders. Such a transition between both re-
gimes could also be present in previously reported modu-
lated reflectance data on Al, „Ga„As/GaAs superlat-
tices. " However, the observation of FKO's in these ma-
terials can be obscured by similar (and stronger) oscilla-
tions from bulk GaAs present in the sample. Such an in-
terference would be impossible in our case, since the well
material (In, „Ga„As) does not appear in the bulk form
anywhere in our sample. In contrast with recent mea-
surements in the same type of materials, the miniband
dispersion is suSciently large to allow observation of
FKO's for fields that satisfy Eq. (2). Therefore, we be-
lieve that the data shown here are the first clear indica-
tion of a Franz-Keldysh regime in superlattice states.
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