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Differential electrotransmission measurements on InGaAs/InP and InGaAs/InGaAsP
multi quantum well structures (MQW) with well widths 8,10 and 20nm with In-
GaAsP barriers of E,(T7TK) = 1.2eV are presented. The differential electrotransmis-
sion spectra were fitted with a lorentzian lineshape model for the excitonic transition.
A Stark shift of up to 18 meV was observed for the 8 nm InGaAs/InGaAsP quantum
well structure. The results were compared to a calculation of the Stark effect includ-
ing the field dependent exciton binding energy. We find good agreement between
experiment and theory. The well width dependence of the oscillator strength shows
a maximum for L, = 11 nm when changing the field from 1-10*V/cm to 1-10°V/em.

1. Introduction

The loss minimum of optical fibers at 1.3—1.5um fa-
vors InGaAs(P)/InP as material for optoelectronic pur-
poses like lasers [1] and modulators. Changing the com-
position in InGaAsP allows to achieve a wide range of
bandgaps for barrier material or even well material for
quantum well devices. The change in the layer thickness
of the quantum well material changes also the position
of the lowest optical transition.

An external optical modulator for semiconductor
lasers based on the quantum confined Stark effect for a
quantum well laser should avoid the high frequency chirp
of current modulated lasers. Using InGaAsP as confin-
ing structure for the quantum well packet allows to build
a waveguide based on the change of refractive index be-
tween InGaAsP and the [nP substrate and contact layer.
The reduced height of the barriers for the electrons and
holes should have an influence on the change of energy
levels and oscillator strength.

In this paper we study multi quantum well (MQW)
structures with InGaAs wells and barriers of InGaAsP
with a band gap of = 1.2eV at 2 K lattice matched
to InP at growth temperature and compare the results
with an InGaAs/InP MQW structure. We investigate
the quantum confined Stark effect in our structures with
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differential electrotransmission measurements at 77 K.
The spectra were fitted with a lineshape model for the
excitonic transition. The resulting line position, and
intensity where compared with calculation of the energy
shift and oscillator strength of the excitonic line.

2. Investigated Structures

The quantum well structures were grown by
low pressure metal organic chemical vapor deposition
(MOCVD) on Sulfur doped InP substrate with a dop-
ing level of 1.2 - 10 em~3. A undoped InP buffer
layer (330 nm ) was grown prior to the InGaAsP con-
finement layer of 160 nm followed by the multi quan-
tum well packet with 10 InGaAs wells separated by
16 nm InGaAsP barriers. In the case of the 20 nm MQW
structure only 3 periods are grown and the InP buffer
on the substrate was Sulfur doped with n = 3.10'" ¢cm~3
at 77TK. We choose broad barriers of 16 nm to decouple
the wells since a coupling of the wells would lead to a
splitting of the energy levels and a broadening of the
optical transitions [2].

After the second confinement layer (16 nm InGaAsP)
an undoped InP spacer layer of 80 nm was grown. On
top of this structure a contact layer of 1.5 ym InP Zn
doped of a level of 3 - 10" ecm™® was grown. Stan-
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dard ohmic contacts were made on the substrate and
the contact layer. Furthermore a structure with 20 x
10 nm InGaAs wells separated by 30 nm InP barriers was
investigated. In this case the electric top contact was a
Tnmthick gold Schottky contact. The well width of
the 10 nm and the 20 nm InGaAsP MQW structures has
been checked with a high resolution scanning electron
microscope.

The 2 K luminescence of the InGaAsP structures re-
veals a linewidth of 15 to 17 meV at low excitation with
a Nd:YAG laser. The luminescence of the InGaAs/InP
structure shows a linewidth of 7meV . The absorption
spectra at 2K of the 8 and 10 nm InGaAs/InGaAsP
and the 10nm InGaAs/InP sample show an excitonic
enhancement of the absorption edge.

3. Calculation of the Energy Levels under electric Field

The broad barriers allow us to treat the whole MQW
in the calculation as a single quantum well. The small
barrier height of & 170meV for the electrons made it
necessary to use a resonant method [3] to calculate the
energy levels and wavefunctions. The energy level for
the more confined heavy holes were calculated using the
standard transfer matrix method [4]. Knowing the wave-
functions we have calculated the exciton binding energy.
The Hamilton operator H,, for a excitons in a quantum
well of well width L, in an electric field F' in the en-
velope function formalism can be split into three con-
tributions [5]. H.,, Hx. are the Hamilton operators for
electrons and holes depending on the corresponding ef-
fective masses m,,m; [6,7] and potentials V,,V,. The
conduction band discontinuity has been taken as 39 %
[8]. For the calculation of the exciton binding energy
E., we used an averaged dielectric constant ¢ = 13.0 [9]
and calculated the reduced mass g with the masses of
the well material.

ch = Hez + th + ch

H. = 2—Tnh—%+l/,(ze)+er,
R
H, = ——=+Vi(z1) —eFz
h 2my, 822 h(z1) h
52 52 2
H,, et
2u Ot €[(ze — 2n)? + r2]'/2

The exact solution for the Hamilton operator H., and
Hy, in the quantum well and in the barrier are the
Airy functions Az, Bi. The boundary condition be-
tween regions of different potential and effective masses
were realized with the transfer matrix method assuming
continuous flux and wavefunction across the boundary.
The wavefunction has been normalised within the effec-
tive well width [ at zero field.
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wh
by = 2mE,

m is the effective mass of the carrier and E, is the quanti-
sation energy. Using the wavefunctions ¥., ¥, for elec-
trons and holes it is possible to calculate the exciton
binding energy using the assumption of a separable 1s -
like wave function for the exciton.

Varying the exciton radius R, leads to minimum in the
exciton binding energy E., which must be subtracted
from the quantisation energies of the electron and the
hole. The oscillator strength f due to the lehh exciton
can be calculated by the equation {10}

QZ

= rmeELRLL.

/ V.(z)  Wpu(z)dz
where @ is the momentum matrix element. The absorp-

tion resulting from this oscillator strength is given by

4n?elh

nmec

a(E, F) = f(F)-9(E)

where n is the refractive index and g(E) is the lineshape
for the lehh excitonic transition. For a good modulation
on/off ratio it is necessary to get a change of the absorp-
tion at a specific energy which can be due to a change in
oscillator strength and/or a shift in the energy position
of the excitonic transition.

4. Results of the Calculations

The total change of the energy position of the
lehh excitonic transition depends strongly on the well
width (Fig. 1). We calculated an increase of the energy
position for well widths smaller than = 20 nm when in-
creasing the field from 7-10°V/em. The wavefunction of
the electron leaks out of the well even at low fields lead-
ing to a broadening of the transition. Thus it may not be
possible to experimentally verify this effect. The more
the well width is enlarged the more the total energy shift
grows (Fig. 1). For all well widths considered the con-
tribution of the excitonic binding energy to the total en-
ergy shift is below 2meV in the range from 1-10*V/em to
1-10% V/cm (Fig. 1). The excitonic binding energy goes
down with increasing well width because of the larger
carrier separation in the broader wells. The field de-
pendence of the oscillator strength is mainly dominated
by the change of the overlap between electron and hole
wavefunctions. The L, dependence shows a maximum
for L, = 11 nm when changing the field from 1-10*V/cm
to 1-10°V/em (Fig. 2).
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Fig. 1 : Calculated change of excitonic binding en-
ergy E., and the total excitonic transition energy E..
by a change of the electric field from 1 - 10*V/em to
1-10°V/em for a InGaAs single quantum well in In-
GaAsP (E; = 1.2eV). Inset showing the field depen-
dence of these quantities for a 10 nm well.
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Fig. 2 : Calculated L, dependence of the oscilla-
tor strength f by a change of the electric field from
1-10* V/em to 1-10° V/em for a InGaAs single quantum
well in InGaAsP (E, = 1.2¢V).
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5. Differential Electrotransmission Measurements

Differential transmission spectra perpendicular to
the quantum well structure were measured using stan-
dard lock-in technique. The current density through the
structure was always below 0.05 mA/mm.

The resulting spectra show two different features :
1) the quantum confined Stark effect from the InGaAs
wells 2) the Franz-Keldysh effect from the barrier mate-
rial.

A lorentzian lineshape of the exciton in the absorp-
tion spectra at constant voltage results in a difference of
two lorentzian lines in the differential transmission spec-
trum. We fitted the low energy side of the Stark effect
signal with a difference of two lorentzian lines for the
lehh and 1elh excitonic transition. The results of such a
fit are the line position, intensity, width and the modu-
lation of the line position at the corresponding offset
voltage. At high voltages it was possible to fit the spec-
tra with only one excitonic line (Fig. 3). At high volt-
ages the splitting between lehhand the lelh excitonic
transition increases so it is easier to resolve the lowest
transition.

For the structure with 10 nm wells in InGaAsP we
observe a shift of 15meV in the voltage range between
+0.6 V and —4.4 V. The structure with the 8 nm wells
in InGaAsP shows a shift of about 18 meV in the range
between +0.8V and —7.0V. In the 20 nm well we were
able to resolve two low energy transitions. The lowest
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Fig. 3 : Differential transmission spectrum for the
20 nm InGaAs/InGaAsP MQW with fit. The arrows are
indicating the fitted line positions.
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transition is smaller and vanishes when applying nega-
tive voltages. The lowest transition in the InGaAs/InP
structure shows a shift of 10 meV in the range between
0V and —-6.8V.

The fitted linewidth at low fields of the exciton agrees
well with the linewidth of the low temperature lumines-
cence.

6. Comparison of Differential Transmission
Measurements with Calculations

The calculations give as a result the shift of the
lehh transition versus the electric field applied to the
quantum well. The applied voltage was transformed into
the electric field just by dividing by the width of the
undoped structure adding the field due to the alignment
of the Fermi level of the substrate and the contact layer.

The only free parameter for the theoretical curves
was the band gap for the InGaAs well which differs for
the 10 nm InGaAs/InP and the 8 nm InGaAs/InGaAsP
samples in the range of 15meV from the value of
0.80eV. This could be explained with composition
changes in the InGaAs well.

As seen in figure 4 we get a good agreement between
the calculations and the shift of the lowest transition fit-
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Fig. 4 : Comparison between fitted line position and
calculated energy shift. We added bandgap energy of
0.818, 0.800, 0.804 ¢V to the calculations of the energy
shift for the 8, 10, 20 nm InGaAs/InGaAsP MQW struc-
tures and 0.798 eV for the 10 nm InGaAs/InP MQW.



Superlattices and Microstructures, Vol. 7, No. 4, 1990

313

v /———rt-—71-r—— 1.0
- | ‘. InGoAs/InGoAsP MQW, L, = 20nm ]
et
c - \ — =calculated 1elh Oscillator strength
5 0.8 \ —c.olculot‘ed 1ehh Oscillator strength 4 0.8 —
a i \ o, afitted lines 1elh,1ehh i i)
- 1 . c
& | T 1 T U N :}.
c 08} F = 410* V/em —H06 £
+ - g o
o —
c - o 4
| > i o
+ 0.4 —0.4
| 17" 5
—
o [ T )
+ R C
S0z} e =10 -5 0 5 10 4092 3
S | o z [nm)] i
%] ~ © ]
®) [ T i
ool 0 T LT ==lgo
0.0 0.2 0.4 0.6 0.8 1.0
F [10° V/cm]
Fig. 5 : Comparison of the area of the fitted ex-

citonic line with the calculated oscillator strength for
the 20 nm InGaAs/InGaAsP MQW. Inset showing cot-

responding wavefunctions at 4 - 10* V/cm.

ted from the experimental data for all MQW structures.
We observed the largest differential change in energy for
the widest wells.

In the case of the 20 nmsample it was possible to
resolve the lehh and the lelhtransition. An elastic
strain of € = 11073 [11] could explain the deviation
in the difference of the lelhto lehhsplitting between
theory and experiment. The vanishing intensity of the
lehh transition compared to the lelh transition could be
explained with the difference in the change of the oscil-
lator strength for both transitions (Fig. 5).

7. Conclusions

We observed a Stark shift of excitonic transi-
tions in InGaAs/InGaAsP for well widths of 8,10 and
20 nm and compared these data with measurements on
a 10 nm InGaAs/InP multi quantum well structure. The
experimental results could be analysed by fitting the
differential absorption spectra. The resulting line po-
sitions agree well with the results of calculations of
the excitonic shift. The change of the excitonic bind-
ing energy is only a small contribution to the total
shift. In the 20 nm well we resolved the lelh and the
lehh transition. The 10 nm InGaAs/InP MQW shows a
smaller energy shift as the InGaAs/InGaAsP MQW of
the same well width which agrees with-the results of our
calculations. Reducing the band gap of the InGaAsP
material would enlarge the difference in favor for the In-
GaAs/InGaAsP material. The well width dependence
of the oscillator strength for 1ehh exciton shows a max-

imum for L, = 11nm, when changing the field from
1-10*V/em to 1-10°V/em.
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