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This paper studies the exciton-longitudinal-optical-phonon coupling in InGaN/GaN single quantum wells with

various cap layer thicknesses by low temperature photoluminescence (PL) measurements. With increasing cap layer

thickness, the PL peak energy shifts to lower energy and the coupling strength between the exciton and longitudinal-

optical (LO) phonon, described by Huang-Rhys factor, increases remarkably due to an enhancement of the internal

electric field. With increasing excitation intensity, the zero-phonon peak shows a blueshift and the Huang—Rhys factor

decreases. These results reveal that there is a large built-in electric field in the well layer and the exciton-LO-phonon

coupling is strongly affected by the thickness of the cap layer.
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1. Introduction

GaN-based quantum well (QW) and heterostruc-
tures have attracted intensive research due to their ap-
plication in light emitting devices operating from the
ultraviolet to the entire visible spectra region! and
in electronic devices such as field-effect transistors.?
Such devices are highly demanded in high-density data
storage, higher efficiency lighting sources, finer scale
laser printer and full colour display.!! It is known that
strong internal electric field is intrinsically present in
wurtzite GaN-based heterostructures due to which re-
sult in the quantum confined Stark effect (QCSE) in
the InGaN QWs.[*5 For the GaN-based QWs, their
optical and electronic properties are strongly affected
by the interaction between excitons and longitudinal-
optical (LO) phonons!®~8 which in turn plays an
important role in determining the performance of
GaN-based electronic and optoelectronic devices. It
has been shown that as the indium fractions or the

well widths increase, the interaction between excitons
and phonons increases steadily in single InGaN/GaN
QWsl®9] due to an increase of the electron-hole sep-
aration originated from the existence of built-in elec-
tric field. This electron—hole separation was caused by
strain-enhanced built-in electric field in Ref. [8] and by
increased well width in Ref. [9], respectively. While in
both cases, the cap layer thickness is kept as a con-
stant for different samples. In this paper, exciton—-LO
phonon interaction in InGaN/GaN single QWs with
varying cap layer thicknesses is studied. It is found
that the exciton—-LO phonon interaction is strongly
dependent on the thickness of the top GaN cap layer.
The larger the cap layer thickness is, the stronger
the interaction is. The excitation-intensity-dependent
photoluminescence (PL) spectra demonstrate the exis-
tence of internal electric field induced by spontaneous
and piezoelectric polarisations. The results demon-
strate that the built-in electric field is also strongly
dependent on the cap layer thickness.
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2. Experiment

Four InGaN/GaN single QW samples studied in
this paper were grown by a metal organic chemi-
cal vapour deposition system on 5.08 cm. diame-
ter (0001)-orientated sapphire substrates as follows: a
30 nm GaN nucleation layer, a 2.0 pgm thick undoped
GaN buffer layer, a single QW consisting of a 3-nm-
thick InGaN well layer with 10% nominal indium con-
centration and GaN cap layer with the thicknesses of
3, 5, 10, and 15 nm. The single QW structures are
schematically shown in Fig. 1. The PL emission of
the single QW samples were confirmed under excita-
tion by using 325-nm He—Cd laser with a spot size of
about 150 pm in diameter at a sample temperature of
15 K. The excitation-intensity-dependent PL spectra
were performed by using frequency-tripled Nd: YAG
laser emitting at 355 nm with a pulse-width of 5 ns
and a repetition rate of 50 Hz.

GaN cap layer

InGaN well layer (3 nm)

nucleation layer (30 nm)

sapphire (0001)

Fig. 1. Schematic diagram of the single QW. The cap
layer thicknesses are 3, 5, 10 and 15 nm.

3. Result and discussion

One of the important features of exciton—phonon
interaction is the appearance of phonon replicas of
excitons in the PL spectra.[”8] The intensities of
these phonon replicas depend strongly on the excition-
phonon coupling strength. Within the Frank—Condon
approximation, the distribution of emission intensi-
ties between the nth-order phonon replica (I,,) and
the zero-phonon peak (Ip) can be described in terms
of the Huang Rhys factor S, which is expressed by!['"]

n

S
Li=I—, n=012... (1)

Here, n is the number of LO phonons involved.

The low temperature (15 K) PL spectra of the
four single QW samples were shown in Fig. 2 with the
excitation of a 325 nm He—Cd laser. The PL spectra
were normalised so that the strongest peaks were of
the same intensity. The spectra of these samples ex-
hibited a main peak and two phonon replicas at the
lower energy side which were assigned to the recombi-
nation assisted by emitting one and two LO phonons,
respectively. With increasing cap layer thickness, the
zero-phonon peak shifted from 3.268 eV for a cap layer
thickness of 3 nm to 3.154 eV for a cap layer thick-
ness of 15 nm. Similar behaviour of the energy shift
has also been reported previously. Leroux et al.l'!]
reported a blueshift with decreasing the barrier thick-
ness in the AlGaN/GaN multiple QWs. This was at-
tributed to the strong built-in electric field induced
by the difference in spontaneous polarisation between
the well and barrier layers. Similarly, with the in-
crease of barrier thickness, Yu et all'? reported a
redshift of PL peak energy of InGaN/GaN multiple
QWs due to an enhancement of the QCSE induced
by the spontaneous and piezoelectric field. An im-
portant feature of InGaN/GaN QW structures is that
a strong built-in electric field exists along the grown
axis inside the well layer caused by spontaneous and
piezoelectric polarisations. Therefore, the redshift of
the main peak with increasing cap layer thickness can
be understood as the effect of enhanced QCSE caused
by the built-in electric field. Because the well width
is same for all samples, our results indicate that a
stronger built-in electric field is expected for larger
Apart from the peak shift, it
was also observed that the intensity of the phonon

cap layer thickness.

replicas increases gradually with increasing cap layer
thickness, as shown in Fig. 2. The energy spacing
between the adjacent peaks is about 90 meV, corre-
sponding to the LO phonon energy in InGaN/GaN
QWs.[6:8:13] The Huang-Rhys factor can be estimated
from the distribution of the emission intensities be-
tween the LO phonon replicas and the zero-phonon
peak by Eq. (1). However, the zero-phonon peak con-
tains contributions from all the recombining excitons,
whereas only those that were strongly localised con-
tribute significantly to the phonon replicas. [6:9-13,14]
Therefore, the comparison between the intensities of
the two LO phonon replicas is more accurate than the
comparison between the first LO and the zero-phonon
peak. Equation (1) can be transformed into!*?!
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I, +1
STL:(n+1) TLI )

n

n=0,1,2,.... (2)

Thus the Sy (= 215 /1) describes the strength ratio be-
tween the 2LO phonon replicas and the 1LO phonon
replicas and So(= I1/Iy) describes the strength ratio
between the LO phonon replicas and the zero-phonon
peak. The PL spectrum was fitted by using Gaus-
sian functions with subtraction of a linear background.
The energy spacing of 90 meV between the adjacent
peaks was taken as a fitting parameter, while the full
width at half maximum (FWHM) was taken the same
for all the peaks. By this procedure, we obtained the
areas of the two LO phonon replicas from which S

was estimated.
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Fig. 2. Normalised PL spectra at 15 K of the In-
GaN/GaN single QWs with different cap layer thicknesses
on a semilogarithmic scale. The spectra were shifted ver-
tically for clarity.

Figure 3 shows the fitted result for the 15 K PL
spectrum of the sample with a cap layer thickness of
15 nm. Applying this method to other samples, we
obtained S; as a function of the cap layer thickness
given in Fig. 4. It is obvious that, with increasing cap
layer thickness, S increases steadily, indicating an in-
crease of the coupling strength between the excitons

and LO phonons.
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Fig. 3. The 15 K PL spectra of the InGaN/GaN single
QW with a cap layer thickness of 15 nm. The lines show
the Gaussian fitting and linear background.
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Fig. 4. Huang—Rhys factor as a function of the cap layer
thickness.

of the exciton-LO-
phonon interaction based on the adiabatic approxima-

Theoretical descriptions
tion indicate that the Huang—Rhys factor S depends
strongly on the spatial distributions of the electron
and hole charge densities.["'1% Generally, the Huang—
Rhys factor S becomes larger as the distance between
the electrons and the holes increases due to the re-
duced overlap of electron and hole charge densities. %]
As described above, a strong built-in electric field ex-
ists along the grown axis in InGaN/GaN QW struc-
tures. Such an electric field pushes the electrons and
the holes to opposite sides of the well, leading to an
increase of distance between the electron and the hole.
In our special single QW samples where the well width
is constant, the larger S value can only be attributed
to the enhanced internal electric field for a larger cap
layer thickness. This is consistent with the result ob-
served for the redshift of the emission peak discussed
above. The behaviors of both the emission peak and
the S value demonstrate that the built-in electric field
is strongly dependent on the cap layer thickness, and
becomes stronger for larger cap layer thicknesses.
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In order to confirm the above explanation, the
excitation-intensity-dependent PL spectra for the
sample with a cap layer thickness of 15 nm were mea-
sured by using the YAG pulse laser at 15 K, as shown
in Fig. 5. The excitation intensity was varied from
8 nJ to 2 pJ. Under a lower excitation intensity, a
dominant peak with LO phonon replicas was observed.
With increasing excitation intensity, the LO phonon
replicas disappear gradually and the zero-phonon peak
exhibits a blueshift.
we can see that the zero-phonon peak shifts to the

From the curves a—c in Fig. 5

high energy with the increase of excitation intensity,
which can be understood as a result of the screen-
ing of the internal electric field.['l When the internal
electric field was gradually screened, the tilt of energy
band was suppressed and the effective band gap was
increased gradually, resulting in the blueshift. From
the curves d to e in Fig. 5, when the excitation inten-
sity is high enough, the internal electric field was fully
screened and the line broadening can be explained by
the band-filling effect of the localised states at poten-
tial fluctuations.
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Fig. 5. Normalised PL spectra of the InGaN/GaN single
QW with a cap layer thickness of 15 nm as the excitation
intensity from 8 nJ to 2 puJ from curves a to e.

The Huang-Rhys factor S and the zero-phonon
peak energy as a function of the excitation intensity
were shown in Fig. 6. When the excitation intensity
is high enough the LO phonon replicas are no longer
resolved. Similar to the energy shift, the decreased S
value can be explained by considering the variation of

internal electric field. As discussed above, the distance
along the growth axis between electrons and holes was
determined by the internal electric field. With in-
creasing excitation intensity, the internal electric field
is gradually screened and the distance between the
electron and hole charge distributions becomes shorter
which leads to the reduction of the S value. Such a re-
sult is consistent with the work of Graham et al.l8! in
which the reduction of the excitation density resulted
in a redshift of the PL spectrum and an increase of S

value.
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Fig. 6. Huang—Rhys factor and the zero-phonon peak en-
ergy obtained from Fig. 5 as a function of the excitation
intensity.

4. Summary

In conclusion, we have studied the low tem-
perature PL spectrum of excitons and LO phonons
in InGaN/GaN single QW samples as a function
of GaN cap layer thickness. With increasing cap
layer thickness, the zero-phonon peak energy de-
creased and the Huang-Rhys factor increased. The
excitation-intensity-dependent PL measurement re-
vealed a blueshift of the zero-phonon peak and a de-
crease of the Huang—Rhys factor with increasing ex-
citation intensity. These results obviously demon-
strate the existence of the internal electric field, and
the larger the cap layer thickness is, the stronger the
electric field is. Consequently, the thickness of GaN
cap layer, which strongly modifies the internal electric
field, plays a crucial role in determining the electronic
and optical properties of the devices based on such
single QW or heterostructures.
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