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Quantitative analysis of the polarization fields and absorption changes
in InGaN/GaN quantum wells with electroabsorption spectroscopy
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Electroabsorption measurements are reported for wurtzite InGaN/GaN quantum wells. The
electroabsorption technique allows exact quantitative analysis of absorption and absorption changes
in InGaN quantum wells and barrier layers, with recorded field-induced absorption changes as large
as 7000 cm!® below and almost 20000 cm above the band edge. The technique thus allows
precise determination of the strong internal fields that originate from strain-induced polarization and
differences in spontaneous polarization. The fields measured on functioning diodes vary between 1.1
and 1.4 MV/cm for indium concentrations in InGaN quantum wells ranging from 7% to 9%.
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Extensive research has been reported on(thgGaN et al® observed a blueshift of the photoluminescence peak of
materials system in the past few years. This material is verguantum well(QW) p—i—n structures with an increase in
interesting for optoelectronic components like violet laserapplied reverse voltage due to the piezoelectric field.
diodes or blue and green light emitting diodg@€Ds) be-  Chichibu et al.” explained the emission mechanisms of
cause the band gap of the InGaN alloy covers a wide spestrained InGaN QWs by considering piezoelectric fields.
trum ranging from UV(GaN) to red (InN).* To date various More recent measurements were done by éhal® and by
GaN-based devices have been developed, such as blue ap@i et al® Those authors reported different field strengths,
green LEDs and violet laser diodékDs).? Despite these most of which are smaller than those presented in the present
developments theoretical and experimental understanding &fork.
many fundamental properties in this material system is still  The basic idea behind our method for determining polar-
relatively incomplete. One example is the strength of thdzation fields is to embed an InGaN layer or QW inside the
piezoelectric fields in InGaN films grown on GaN. In this intrinsic layer of a GaNo—i—n-diode and to compensate the
letter we will demonstrate that electroabsorpti@A) spec-  internal polarization fields by applying reverse bias. The in-
troscopy performed on functioning heterojunction diodes is dernal polarization field is exactly compensated at a certain
powerful method by which to quantitatively measure the abfield strength which is determined by a minimum of the ab-
sorption changeda(fiw) and absorption(%w) and to deter- sorbed light power according to the Franz—Keldysh effect.
mine the strong internal polarization fields in these materials] Ne internal polarization field strength is then calculated

Waurtzite (In)GaN films exhibit spontaneous polarization from the compensation voltage with the device parameter;.
along the(000) direction. At the InGaN/GaN interface, the "€ sample structure for EA spectroscopy is shown in
spontaneous polarization changes. This difference in spont&9- 1@. The samples were grown anface sapphire sub-

neous polarization causes an electric field within the InGaNptrates by ~metalorganic  chemical vapor deposition
layer. In addition, a thin pseudomorphically strained InGaN(MOCVD). There is no difference in the EA measurements

layer grown on top of a GaN layer exhibits piezoelectric\":",hether the Sﬁmslg‘? é;\re %rcg‘mNobmfF a—lphase sapphire.
polarization in the InGaN layer. Both the electric field due to Irst, a 5um thick Si-doped GaN bufler layer was grown.

a difference in spontaneous polarization and the field due t .
! n Sp us polarizatl I y nGaN layer sandwiched between undopetype GaN bar-

the piezoelectric field algebraically total the internal polar- . . .
e plezoere g y PO’ riers. The thickness of the InGaN quantum well was either 4
ization field in the InGaN layer. The spontaneous polariza-

tion is almost equal for GaN and Inf\and as a consequence (sample A or 20 nm(sample B. A third sample was a mul-

the net spontaneous polarization field should be small Howt-iple quantum-well diode with five 4 nm thick InGaN quan-
P b S o tum wells inside the intrinsic region with 6 nm wide GaN
ever, recent results of Bernardiet al.” suggested bowing of ‘%

- arriers. An approximately 250 nm thick Mg-doped GaN
the spontaneous polarization between GaN and InN, depen Jyer was grown on top of the active region to form-ai—n

ing on the In content. diode.

Piezoelectric fields were calt;u_lated by .Takeumal..s in In the experiments, which were performed at room tem-
1997. The sgme year,_ Bernardigi al2 published their re- perature, we measure the power of the incoming IRgiand
sults of the piezoelectric constants of GaN and InN. Takeuchfhe powerP(U) transmitted through the sample as functions

of the photon energjiw at various applied reverse voltages.
¥Electronic mail: renner@physik.uni-erlangen.de This allows determination of the relative transmission spec-
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FIG. 1. (a) Schematic of the structure of the sample. For the EA measure- photon energy [eV]

ments a reverse bias is applied acrosspghé—n diode and the transmitted

light output P, is measured(b) Schematic of the band structure of the FIG. 3. Measured room-temperature absorption changes in a 20 nm thick

p—i—n diode with an InGaN QW with{top) and without(bottom) applied InGaN layer. The diagram in the inset shows the maximum of the absorption

reverse bias voltage. changes vs the applied reverse bias, extracted from the first minimum of the
main plot. The relative absorption curve at the compensation voltage is the
lowest curve belowEy, allowing detection of the compensation voltage.

tra P(U)/P(U=0V), the absorption changesa(fiw) and  The data presented are for a sample with a 20 nm InGaN layer.

the absorption spectra(fw). The absorption changes are
given by Aa=—1/dIn[P(U)/P(U=0V)], whered is the
thickness of the InGaN layer. Typical absorption spectra ar
shown in Fig. 2. They resemble the absorption spectra of Qqaybe dL.Je tq a small valence band offset.
bulk semiconductor. A schematic of the EA spectra of bulk The field-induced absorption changes oceur for photon_
InGaN is also displayed in Fig. 2. The EA spectra of a bulk®"€rges near the band gap energy of semiconductor materi-
semiconductor displays the Franz—Keldysh efféeKE). als within the space charge region of t-he diode. Since the
Applying an external electric field to a bulk semiconductor SPace charge region of the sample consists of an InGaN layer
results in tilting of the valence and conduction bands. Thi€mPedded within GaN barriers, the EA signals of both semi-
alters the envelope electron and hole-wave functions so thgPnductors can be observed separately. Figure 3 shows the
they mathematically resemble Airy functions, which have os-fi€ld-induced absorption changes of a GaN/InGaN/GaN
cillating behavior in the bands and show exponential decaflouble-heterostructurg—i—n diode with a 20 nm thick
in the band gap. Therefore, an electric field leads to increasé§GaN layer in the space charge region. In heterostructure
absorption below and oscillating absorption above the bangi0des with no internal piezoelectric fielee.g., AlGaAs/
gap. The absorption curves for all applied fields intersect aP@A9, the internal field within the entire space charge re-
band gap energf,. The quantum confined Stark effect 9ion increases with an increase in reverse bias.
(QCSB can arise when an applied electric field tilts the va- In the case of an InGaN/GaN-heterostructure diode there
lence and conduction bands in a QW. This leads to an inalready exists @piezoelectri¢ field within the InGaN layer,
crease in the redshift of the absorption spectra at increasir@’€n When no bias is applied. Therefore the measurement in
applied fields. The measured absorption spectna o4 nm Fig. 3 reveals that the EA signals of the InGaN layer and of
InGaN QW imbedded in GaN, shown in Fig. 2, shows nothe GaN layer are of opposite sign. Because of this, accord-
sign of the QCSE but does resemble the FKE of a bulkng to the FKE, there is increased absorption below the band
semiconductor. We performed the measurements on sampl63P. By compensating for the internal field with an applied
with InGaN layer thicknesses of 4 and 20 nm. In both case&€verse biagcompensation voltagethe absorption below
the resulting absorption spectra resembled FKE spectra. W8€e band gap decreases and vanishes when the internal po-
believe that this is due to the relatively weak carrier confinelarization field is compensated. At that point, the absorption
below E, is minimized. A further increase in reverse bias
" , , ' . . results in a field in the InGaN layer and again in increased

gnent in InGaN QWs relative to the strong polarization fields,

@ s~y (b)s absorption below the band gap. In a plot of the absorption
2]CB 6 changes at increasing reverse bias, the absorption changes

3 ] « . below the band gap will therefore decrease, reach the lowest

< En . . . .

% 4] DwsE, [ orvem | E value at the compensation voltage and will increase again
VB S lowfeld | %2‘ afterwards. The absorption curves for all applied voltages
olomza=l high field opmms’ . I intersect at a photon energy that corresponds to band gap
3.05 3.20 3.056 3.10 3.15 3.20

photon energy (V) photon energy (6V) energyEg of the semiconductor. This allows precise deter-
mination of the band gap energy. Note that the intersection in
FIG. 2. (a) Schematic of the FKE in bulk InGaN. The inset shows a sche-Fig. 3 is influenced by the GaN EA tail. A typical experimen-

matic of t_he band structure and envelope wave functions in the presence ?&I result of absorption changes is shown in Fig. 3, where one
an electric field.(b) Measured absorption spectra of a sample with five . . .
InGaN QWs embedded in GaN, each 4 nm. It resembles the FKE spectrzS:.an 'dem'fy the compensation V0|tage and band gap energy
Note: The GaN EA tail interferes with the InGaN signal at high voltages. E, .
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The compensation voltage extracted yields the total in- E [eV]
ternal polarization field, which is composed of spontaneous 3.14 3.12 3.10°  3.08 3.06
and piezoelectric fields. In p—i—n diode, the field in the _
space charge region is the slope of the potential curve. Sinci 1.5 4
there is no field in the InGaN layer if the internal field is ] _
compensated exactly, only the thickness of the GaN layersir 1.4 /H;Hla g

o

P ”

the space charge layer needs to be taken into account. TherE
fore if the internal field is compensated, the field in the space

charge layer and subsequently the internal field is given by > 1 %:%
1.2 -

e
Ucomp+ Vbi 11 % %

int= T 5
di—dqw-i-dn /2+dp/2 %:

whered; is the thickness of the space charge layer and it car 1.0+ 8
bg extracted precisely fror€®V measurementsd, i; the. 0070 0075 0080 0.085 0090  0.095
thickness of the InGaN layer, measured by x-ray diffraction. Tin-conient x
Ucomp IS the compensation voltage ang; the built-in volt-
age of thep—i—n diode.d: and d; are the widths of the FIG. 4. Polarization fields in iGa N layers determined by EA measure-
space charge layers in tnedoped and>oped regions, re- TSI 12 e 1 e T s Smuos et e cieiens
spectively. They depend on the known doping concentrationg,ows a calculated curve.
(Na=1.2x10°l/cm®, Np=2.9x 10*8I/cm?) and on internal
polarization fieldsF;, . Therefore Eq(1) has to be solved Piezo fields. This may originate from differences in sponta-
Se|f-consistent|y' Then' typ|ca| values fdrif anddg are ap- neous polarlzatlon between GaN and InGaN due to bOWIng.
proximately 25 and 1 nm, respectively, with an error range of  In summary, the dependence of the piezoelectric field on
10%. Fint can be extracted with an error of approxima’[e|ythe In content was determined, and the eXperimenta”y de-
5%, which mainly originates in the accuracy of theym, rived field strengths are found to be larger than previously
measured, which has been 0.1-0.5 V, depending on th@ssumed. EA measurements were performegb-ein-n di-
width of the intrinsic region of the sample. odes with the InGaN layer inside the space charge region.
So, from the results of the relative absorption changedVith this technique the piezoelectric/internal fields are not
the Compensation Vo|tage can be extracted with h|gh aCCLjnfluenced by free carriers. It is also well suited to determin-
racy. Measuring diodes with different In contents yields aind the piezoelectric fields in other materials systems and not
plot of the internal field strength versus the In content. The Ifestricted to only GaN/InGaN heterostructures. The measure-
content is calculated from band gap eneFgyaccording to ~Ments provided a quantitative analysis of absorption change
the formula found by McClusky et all® (Eq=3.42 and absorption spectra around the band gap energy of the
—3.9%,x<0.12). The band gap energy can be measurednGaN layer at various applied reverse bias voltages. The
with high accuracy at the common intersection of the field-results showed that the absorption specfra ¢ nmIinGaN
induced absorption changes. The results are shown in Fig. ®W resembles that of bulk FKE spectra.
The internal field strength varies between 1.1 and 1.4 The authors are pleased to thank M. Teepe and N
MV/cm for an In content of 7%—9%. With that slope, the | ,. : . . ' '
: R . - Miyashita for technical assistance.
internal field is expected to be negative for zero In content in
the InGaN layer. This should not be possible and would in-1gajjium Nitride and Related Semiconductor&E, edited by J. H. Edgar,
dicate that the function of the piezoelectric field versus In S. Strite, I. Akasaki, H. Amano, and C. Wetz&hort Run Press, Exeter,
content is not linear, but that there is bowing. The range of In2é9?\%kamura and G. Fasghe Blue Laser DiodéSpringer. Berlin, 1997
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