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We experimentally determine the band offset of strain-compensated InGaAsP–InGaAsP
multiquantum-well sMQWd heterostructures, emitting at 1.55mm, that were grown by
metal-organic chemical vapor deposition. A band offset value of about 56% is found for the
conduction band, which is higher than the value reported for the unstrained structure. The
temperature dependence of the photoluminescence intensity shows that the unipolar detrapping of
carriers in such MQWs is more efficient than the thermal activation of excitons. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1850602g

In the last decade, the requirements for optical fiber
communication systems have increased due to the continu-
ous rise of long-haul and high bit rate technologies. For this
reason, great efforts have been made to optimize the different
components involved in the optical communication systems,
such as optical modulators. High performance of external
modulators in terms of spectral distortion, modulation fre-
quency, contrast ratio, and polarization independence1 are
obtained by employing quantum-wellsQWd heterostructures
as the active material. In particular, InGaAsP–InGaAsP
quantum-well structures are widely used due to:sid Their
relatively simple tuning between 1.3 and 1.55mm, sii d the
large variation of absorption coefficient upon relatively low
bias, andsiii d the possibility to achieve strain compensation
between wells and barriers.2 The last point is important be-
cause strain compensation enables the growth of relatively
thick active layers with a high number of wells of larger
thickness, resulting in a reduction of interface effects at the
operating wavelength of the device.

A significant problem of InGaAsP QWs is optical satu-
ration, which strongly depends on the generation rate, and on
the escape, of carriers from the active region. InGaAsP un-
strained heterostructures have a very large valence band dis-
continuity that prevents the escape of heavy holes from the
QW under bias. This results in the accumulation of a positive
charge density that screens the external electric field, and
reduces the performances of the device.3 The escape of car-
riers can be enhanced by raising the temperature or the bias,
or by a proper choice of the barrier thickness. However, it is
the band offset that ultimately determines the performances
of the device. In this letter, we study an InGaAsP–InGaAsP
MQW heterostructure that was designed to have a low band

discontinuity, with the purpose of raising the optical power
saturation and the modulation frequency of the device. The
band offset of this heterostructure, determined experimen-
tally by means of photocurrent measurements, is in good
agreement with the theoretical estimation.

We investigate InGaAsP strain compensated multi-
quantum-wells, grown on InP substrate by metal-organic
chemical vapor depositionsMOCVDd. The structure consists
of a 2 mm Se− doped InP buffer on which it has been grown
250 Å of InGaAsP confining layer, followed by 8 periods of
undoped InGaAsPswell width=80 Åd/InGaAsP sbarrier
width=65 Åd multiquantum-wells. Above these has been
grown a 250 Å InGaAsP confining layer, 2mm Zn doped
InP layer and the structure is terminated with a 0.02mm InP
cladding layer. The structure has been designed to obtain a
compression of about +0.6% in the well and a tensile strain
of about −0.25% in the barrier. The compensation of the
strain plays a fundamental role in the design of electroab-
sorption modulators, because it modifies both the band struc-
ture of the material and the optical and electronic properties.4

This results in a reduction of:sid The valence band disconti-
nuity, thus improving the modulation frequency and reducing
the optical saturation;sii d the chirp effect; andsiii d sensitivity
to polarization.

The strain field of this heterostructure was calculated
according to the strain model of Wang and Stringfellow.5 By
defining the conduction band offset as

Qc =
DVe

DVe + DVc
, s1d

whereDVe and DVc are the potential discontinuities of the
conduction band and the heavy hole band, respectively, this
model leads to an expectedQc of 53% san offset of 44% is
expected for the unstrained structured. Using this value, the
electronic structure is calculated by solving the Schrödinger
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equation for a MQW system by means of the transfer matrix
methodsTMM d. One confined state in the conduction band
se1d, and three heavy holeshhi with i =1÷3d levels and one
light hole slh1d level in the valence band are found in our
structure.

Experimentally, the sample was studied by photolumi-
nescencesPLd and by photocurrentsPCd measurements. In
Fig. 1 we report the photoluminescence spectra in the tem-
perature range between 15 and 300 K. The spectrum at 15 K
shows the ground levele1–hh1 excitonic transition at
1373 nm and a long tailsat around 1400 nmd. At higher tem-
peratures, the line shape of the tail does not change. We
assign this tail to the transitions from localized defect states,
which are ionized atT.90 K. At high temperatures, due to
thermal band filling, two other peaks can be identified in the
fine structureswhich is due to water absorptiond. These peaks
are attributed to thee1–hh2 transitionsfor T.140 Kd and to
thee1–hh3 transitionsfor T.220 Kd. It is worth noting that
the transitione1–hh2, which is forbidden at zero bias by the
selection rules, can be observed here due to the presence of
the internal electric field that breaks the flat band condition.
The full width of half maximumsFWHMd of the PL spectra
is estimated to be about 5.7 meV at 15 K and increases up to
16 meV at 300 K, reflecting the high quality of the quater-
nary multiple quantum well structure.6–8

In the inset of Fig. 1, the peak energy of thee1–hh1

transition vs temperature is shown. The experimental points
follow the well-known Varshni equation:

EgsTd = Egs0d −
aT2

b + T
, s2d

whereEg is the energy gap of material,T the temperature,
and a and b are Varshni’s coefficients.b can be approxi-
mated as by the Debye temperature of the material.9

At low temperatures, the discrepancy between the values
obtained from Eq.s1d at 0 K and the experimental data is
due to the exciton localization at sites of compositional dis-
order. At higher temperatures the bound excitons start ioniz-
ing, and above 90 K the excitonic peak follows the Varshni
equation.

Figure 2 shows the PL quenching of the dominant peak
se1–hh1d when the temperature is increased to 300 K. From
the Arrhenius plotsFig. 2d we estimate that the activation
energy of the PL quenching is around 115.5 meV, which is
much lower than the calculated electron-hole confinement
energy sabout 192.5 meVd, related at a theoretical band-
offset of about 53%. The data indicates that the thermal
quenching of the photoluminescence is due rather to the es-
cape of the less-confined carrier species, which are the elec-
trons. This mechanism thus confirms that in such hetero-
structures the unipolar detrapping of carriers is more efficient
than the thermal activation of excitonssinset of Fig. 2d. The
small discrepancy between the estimated activation energy
and the theoretical electron confinement energy can be ex-
plained taking into account two main factors:sid As we will
show in the following, the evaluated experimental band-
offset is slightly highersabout 56±2%d and sii d the exciton
binding energy is not included in the strain model.

The determination of the precise spectral position of the
different transitions is essential for determining the band-
offset sQcd of such MQWs, which is a fundamental param-
eter for the correct design of a device at high bit-rate. The
determination of the band discontinuity is generally obtained
by an indirect approach. We performed photocurrent mea-
surements at several applied voltages. From these measure-
ments, we determinedQc by considering the relation be-
tween the observed experimental energy transition in the

FIG. 1. Photoluminescence spectra of the InGaAsP–InGaAsP MQW at dif-
ferent temperaturessArgon laser,l=514.5 nmd. The inset shows the energy
position of thee1–hh1 transition vs temperature, fitted by the Varshni equa-
tion ssolid lined. The error bar indicates the spectral resolution of the system
s50 cm monochromator and N2 cooled Ge detectord.

FIG. 2. Arrhenius plot of thee1–hh1 transition. The estimated activation
energy is about 115.5 meV. The inset shows the unipolar detrapping of
carriers.

043705-2 Tari et al. J. Appl. Phys. 97, 043705 ~2005!

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

120.117.138.77 On: Thu, 11 Dec 2014 06:49:15



photocurrent spectra, and the theoretical energy transition
calculated at different band discontinuities and applied
voltages.

Figure 3 shows the photocurrent spectra measured at
240 K at different applied voltages, and the corresponding
PL spectra at this temperature. The two peaks observed in the
spectra are attributed to thee1–hh1 ande1–hh2 transitions as
confirmed by the theoretical calculation. In the PC spectra,
the dominant transitione1–hh1 is evident for all applied volt-
ages. On the other hand, thee1–hh2 transition becomes more
evident for reverse bias. From such spectra we also see that
by decreasing the external voltage, from +0.3 V to −2 V,
two different effects are evident:sid The red-shift of the op-
tical transitions andsii d a broadening of the peaks. The first
effect is due to the quantum confined Stark effectsQCSEd.
By increasing the bias voltage, the energy separation be-
tween the levels is reduced resulting in a shift of the peaks
towards a higher wavelength range. The Stark shift estimated
for the transitione1–hh1 is about 65 nm. The broadening of
the peaks is instead due to an accumulation of the wave
functions of electrons and holes near the interfaces under
reverse field. This results in an increased sensitivity to inter-
face disorder. Since both carriers are highly confined by the
barriers, the residual overlap of the wave functions spatial
separation allows us to observe the ground level transition
even at strong fieldssup to 160 KV/cm for a bias of −2 Vd.
For larger biasess.−2 Vd, the photocurrent spectra become
flat and it is not possible to observe any transitions. The fit of
the photocurrent spectra allows us to obtain the energetic
position of both electronic transitions for different applied
voltages, taking into account the excitonic effect and the
Sommerfield factor under electric field.

In Fig. 4, we plot the theoretical energy difference be-
tween the two observed transitionssDE=Ee1–hh2−Ee1–hh1d as
a function ofQc for different reverse biasesssolid curves in
Fig. 4d, calculated including the Stark and excitonic effects
sthe absolute values of the theoretical peak position are
found to be 17 nm lower for both observed transitionsd. Qc

was determined from the intersection of these curves with
the DE value measured experimentally in the photocurrent
spectrasdotted curves of Fig. 4d10. It could also be possible
to determineQc by using the values of the energy transitions
obtained from the photoluminescence spectra. However, in
our case, the PL spectrasFig. 1d clearly show thee1–hh1

transition for all temperatures, whilee1–hh2 and e1–hh3

transitions, due to water absorption, are too broad to obtain a
fit with an acceptable error.

In Fig. 4, we see that the intersections between the val-
ues ofDE obtained both experimentally and theoretically are
not lined up along a unique value of band discontinuity, but
they are distributed across a limited range ofQc. This is due
to the fact that the effect of the nonparabolicity of the bands
has not been taken into account in the calculations. The value
estimated for band discontinuity is 56±2%, which is in good
agreement with the theoretical values,54%d. In Fig. 4 we
also plot theDE value betweene1–hh2 and e1–hh1 transi-
tions, obtained by the deconvolution of the photolumines-
cence spectra at 240 Ksdashed curved. At this temperature it
is possible to clearly observe thee1–hh2 transition, which
emerges from the water absorption. The intersection between
this DE value and the theoretical curve at zero bias occurs at
Qc=55.5%, which confirms the value estimated from the PC
measurements.

In conclusion, we have experimentally determined the
band-offset of an InGaAsP–InGaAsP strained MQW, which
is a fundamental parameter for the design of an electroab-
sorption modulator with high performance. The determined
band-offset is in good agreement with the value estimated
theoretically which confirms that the designed parameters of
the structures are correct.

FIG. 3. Photocurrent spectra at 240 K for different applied voltages. The
dashed curves show the evolution of the two optical transitionsse1–hh1 and
e1–hh2d with the electric applied field. The PL spectrum, at the same tem-
peraturesdashed curved, clearly shows thee1–hh1 ande1–hh2 transitions.

FIG. 4. Plot of the energy difference betweene1–hh2 ande1–hh1 transitions
as a function ofQc for reverse bias at room temperature. The continuous
curves are the theoretical ones, while the dottedsPCd and dashedsPLd
curves are the experimental ones.
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