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Abstract—The recombination rates in an Ing 5Gag 75N/
Alg.48Gag.5oN/GaN multiple quantum well (MQW) structure
are measured to identify the cause of low efficiencies in high
In-content InGaN quantum wells. The MQWs emit from
640 to 565 nm and are grown using metal-organic chemical
vapor deposition (MOCVD). The addition of AlGaN interlayers
within the MQW provides strain balancing and suppresses defect
formation in high In-content InGaN quantum wells. The rates
are found by transforming the optically measured radiative
efficiency, differential carrier lifetimes, and optical absorption.
Both components of non-radiative recombination rates, Shockley-
Read-Hall (SRH) and Auger recombination, are found to be
similar to the values of blue-emitting InGaN MQWs. The low
SRH recombination rate is attributed to the use of the AlGaN
interlayer. The radiative recombination rate, however, is more
than an order of magnitude lower compared to blue emitting
(lower In-content) InGaN-based MQWs. While this large reduc-
tion in radiative rate can be attributed to differences in carrier
overlap and transition energy, it may also include effects of
variations in thickness and compositional inhomogeneities.

Index Terms—ABC coefficients, aluminum gallium nitride
(AlGaN), differential carrier lifetime, gallium nitride (GaN),
indium gallium nitride (InGaN), interlayer (IL), light-
emitting diode (LED), metal-organic chemical vapor deposition
(MOCYVD), micro-display, multiple quantum well (MQW).

I. INTRODUCTION

nGaN based multiple quantum wells (MQWSs) are used
Ias the active region for the highest efficiency violet-blue
light emitting diodes (LEDs) and laser diodes [1]. Combining
these LEDs with phosphors creates white light, and are pre-
dominately used in solid-state lighting (SSL) [2]. Recently,
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there has been a lot of focus on emissive displays using
micro-LEDs [3], [4]. The challenges for micro-LEDs are very
different to SSL LEDs [5], [6]. These LEDs need to operate at
low to moderate current densities and emit in the red, green,
and blue in order to create efficient and large color gamut
displays [7]. While it is possible to produce these wavelengths
using InyGaj_xN emitters, the efficiency drastically decreases
with increasing In content (x > 0.20), commonly known as
the “green-gap” problem [8].

Several reasons are given as the cause of green gap,
which include high lattice mismatch and phase separation
in high In content QWs [9], [10], carrier localization due
to fluctuations in InGaN composition [11], [12], low growth
temperatures [13], [14], and low electron-hole wavefunction
overlap due to spontaneous and piezoelectric polarization
induced electric fields [15]. However, it is still not clear
which is the dominant effect. To understand the role of
these effects, different recombination mechanisms in the QWs
need to be studied. One of the possible techniques is optical
differential carrier lifetime (DCL) used in conjunction with
radiative efficiency and optical absorption [16]. These mea-
surements yield the non-radiative Shockley-Read-Hall (SRH)
recombination, radiative recombination, and non-radiative
Auger recombination rates and their associated A, B, and C
coefficients [17].

It has been shown that employing AlGaN interlayers (ILs)
grown on top InyGa;_xN QWs can remarkably improve effi-
ciencies at green to red wavelengths [18]-[21]. The addition of
the AlyGa; _yN IL improves the efficiency at long wavelengths
by shifting the growth of the MQW to favorable conditions.
The AlGaN IL is grown at the low QW temperatures to control
In-content in the QW, and both the IL and QW are annealed
during the higher temperature GaN barrier growth to improve
crystallinity. The IL also provides strain-compensation to
prevent defector formation [19], [22]. Another well-known
method to improve efficiency is to include an InGaN UL
which has been reported to stop defect propagation into the
active region [23], [24]. Even after these improvements the
efficiencies in the green-red are much lower compared to
violet-blue. Improvements will require a deeper understand of
the recombination dynamics within the quantum wells.

In this study, InGaN/AlGaN/GaN MQWs emitting at
640-565 nm are grown to measure the radiative and non-
radiative recombination rates and coefficients, and compare
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Fig. 1. (a) Shows a cross-sectional schematic of the 5-period multiple

quantum well (MQW) structure grown on an n-GaN template. The layer
thicknesses and compositions are determined by X-ray diffraction (XRD) and
optical reflectance measurements. (b) Shows an XRD Omega-2theta scan of
the sample along the (0002) reflection of GaN. The vertical arrows show the
position of the MQW peaks.

to rates of MQWSs emitting at shorter wavelengths. These
recombination rates were yet to be measured at these long vis-
ible wavelengths. Radiative efficiency and differential carrier
lifetimes are measured optically along with optical absorption.
The data shows that the AlGaN IL provides control of SRH
recombination. However, the radiative recombination rate is
much lower compared to shorter wavelengths, showing that
this is the area that needs to be improved to achieve higher
efficiencies.

II. EXPERIMENTAL DETAILS

The InxGa; xN/AlyGa;_yN/GaN MQW  structure is
repeated five times, and grown on a commercially available
n-type doped (electron concentration of 5 x 10'8 cm™3) GaN
template formed on c-plane patterned sapphire substrates using
metal-organic chemical vapor deposition (MOCVD). A cross-
sectional schematic is shown in Fig. 1(a). First, a 600 nm
thick un-intentionally doped (uid) GaN layer is grown on the
template at 1030 °C using trimethylgallium (TMGa) as the
gallium precursor. Next, the first GaN quantum barrier and
subsequent MQWs are grown using triethylgallium (TEGa),
trimethylindium (TMIn), and trimethylaluminum (TMAI) as
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the group III precursors. The InGaN QWs and the AlIGaN
ILs are grown at 695 °C, whereas the barriers are grown at
905 °C. The high temperature growth of the GaN barriers is
enabled by the AlGaN IL [22].

It has been shown that the n-type doping of the underlying
layer can affect the position of the Fermi level in the active
region, which affects the differential carrier lifetimes in the
QWs [17]. Therefore, to make sure the Fermi level resides
near mid-bandgap, a 100 nm p-type doped GaN layer is
grown after the last barrier. This p-GaN layer is grown at
a low temperature of 830 °C to protect the QWs, and at a
high V-III ratio of 51,000. Hall measurement reveals that the
hole concentration of this p-type GaN layer is 5 x 10'¢ /cm?.

An X-ray diffraction (XRD) omega-2theta scan along
(0002) reflection of GaN of the sample is shown in Fig. 1(b).
This data is fitted to determine the thicknesses and composi-
tions of the different layers in the active region. From these
measurements, the In content in the QW is x = 0.25 and the
Al content in the IL is y = 0.48. The QW, IL, and barrier
thicknesses are 3.3 nm, 1.3 nm, and 9.8 nm, respectively. The
first and the last GaN barriers are intentionally grown double
the thickness at ~20 nm.

Photoluminescence (PL) is performed at both 8 K and room
temperature with a 405 nm laser diode under continuous-wave
operation and at power densities varying from ~1.5 W/em? to
~7000 W/cm? to determine the peak wavelength and radiative
efficiency (7,44) versus the steady-state carrier density (N).
This large pump power density range is achieved by varying
the laser power from ~5 mW to ~370 mW; and varying
the laser beam diameter from ~470 um to ~82 um. Light
spectra are measured using a high-resolution spectrometer. The
method to determine the absolute 7,4 is detailed in [21]. The
radiative efficiency is defined as:

Nrad = RRr/(RR + RnR), (D

where Rp is the radiative recombination rate and Rypg is
the non-radiative recombination rate. Optical absorption of
the sample at 405 nm is measured by performing white light
reflectance and transmission with an integrating sphere. The
absorption of the MQWs is 19%.

The differential carrier lifetimes, tpcy are obtained by an
all-optical measurement using the methods similar to previous
reports [16], [21]. The MQW samples are again excited with
a 405 nm laser diode that is driven by combining (with
a bias tee) a constant bias (constant carrier density) and
small-signal sinusoidal bias frequencies, f, between 0.05 and
500 MHz provided by a vector network analyzer (VNA). The
constant bias of the laser diode is changed to measure zpcy, at
different power densities, thus different carrier densities. The
differential carrier lifetimes, 7pc, at different power densities
is determined from phase and amplitude differences of the
input (laser) and output (MQW) signals, using the small-signal
response F, expressed as [25]:

F=1/(1+j2rtpcL). )

The radiative (Rg) and non-radiative (Ryg) recombination
rates versus N are obtained by transforming the measured data

Authorized licensed use limited to: N.C. State University Libraries - Acquisitions & Discovery S. Downloaded on October 15,2021 at 13:12:33 UTC from IEEE Xplore. Restrictions apply.



MUYEED et al.: RECOMBINATION RATES OF InxGaj_xN/AlyGaj_yN/GaN MQWs EMITTING FROM 640 TO 565 nm

the following way. The generation rate is defined by
G="P/(hv/q), 3

where P is the absorbed power density of the pump laser. The
carrier density is found integrating tpcr, with respect to G,
expressed as

G
N = / tpcLdG. 4)
0

Finally, the radiative and nonradiative rates are found using

dRR ] dNraa
W = NradTpcL +G dn ) (Sa)

dRNR _ dNrad

= (I = rad) tpep — G i (5b)

Integrating Eqns. 5a and 5b give the radiative and non-radiative
rates versus the carrier density found in Equation 4.

These rates are dynamic, varying with carrier density.
Instead of rates, the recombination physics are commonly
distilled down to A, B, and C coefficients (constant values).
While the dynamic rates preclude constant coefficients, they
are used here to compare to previous results. From these rates,
the SRH recombination coefficient A, radiative recombination
coefficient, B and Auger defect recombination coefficient, C
are determined [26] by

a=Bur g B oo (Rvk —AN)

N N? N3
The equation for the A coefficient is only valid for low
carrier densities (N < 10'7/ cm?®) where SRH recombination
dominates the non-radiative rate, and the equation for C is
valid only at high carrier densities (N > 10'°/ cm?) where

Auger recombination dominates the non-radiative rate.

(6)

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the spectra measured at pump power den-
sities of ~57 W/ecm? to ~7000 W/cm?. These spectra are
measured by collecting the light through a 450 nm long-pass
filter to avoid the laser tail. Fig. 2(b) shows the change in
peak wavelength and the full width at half-maximum (FWHM)
with respect to the pump power density. At low power density
of ~1.5 W/cm2, the sample emits at 640 nm. As N increases
with pump power density, carrier screening and phase-space
filling is observed causing a gradual blueshift [27], [28], with
the sample emitting at 565 nm at ~7000 W/cm?. At the peak
Nraq value the sample emits at 583 nm. The FWHM behavior
is a bit more complex. At low power densities there is a
narrowing of the FWHM, and the smallest FWHM is ~57 nm,
occurring between ~25 W/cm? to ~200 W/cm?. This FWHM
is similar to the best reported at these longer wavelengths
for InGaN [29]-[31]. At the highest power densities there is
a gradual increase in the FWHM owing to band-filling and
heating due to increased non-radiative Auger recombination.

Fig. 3(a) shows the radiative efficiency, 7,44, versus the laser
input power density at room temperature. The peak radiative
efficiency for this sample is ~3.85% at a power density of
~2 kW/cm?. The Nrad measured at 224 W/em? is 2.95%
at 604 nm. Absorption, DCL measurement along with 7,44
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Fig. 2. (a) Shows the spectra measured at pump power densities of

~57 Wiem? to ~7000 W/em?2. (b) Shows plot of peak wavelength and
fullwidth at half-maximum (FWHM) versus the exciting power density. The
peak wavelength shows a gradual blueshift with increasing power density and
ranges from 640 nm to 568 nm. The FWHM has a minima of 57 nm and
shows a gradual increase with power density.

determine the carrier density as N = 3 x 10'® cm™3 at
this power density. This radiative efficiency could be further
improved by tuning the IL thickness and Al composition
[19], [21] and growing an In-containing UL before the QW
[32], [33]. However, using this active region in a state-of-
the-art thin-film LED with ~80% extraction efficiency would
result in a peak external quantum efficiency of 2.3% at 604 nm
which is comparable to others [29]. Fig. 3(b) shows the
differential carrier lifetime, tpcr, of the sample with respect
to pump power density. The tpcy values are longest at the
lowest power densities. This is expected as at these values only
SRH defect recombination is significant. As the power density
increases the other recombination mechanisms, i.e., radiative
and Auger recombination, start becoming significant and the
tpcr values decrease.

The result of the transformation of the measured data
in Fig. 3 to the recombination rates is shown in Fig. 4.
Contrary to the traditional ABC model, the radiative and non-
radiative recombination rates show carrier density dependance.
Therefore, a better model needs to be developed to properly
understand the complex recombination process inside the
MQW. However, in this study the A, B and C coefficients
are determined at specific carrier densities to compare with
previously published reports.

Fig. 4(a) shows the Ryr/N versus N. Non-radiative recom-
bination is caused by SRH and Auger recombination. The SRH
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Fig. 3. Plots of (a) the radiative efficiency, 7,44 and (b) optically measured
differential carrier lifetime, rpcy versus the power density of the exciting
laser at room temperature. The peak radiative efficiency is 3.85% occurring
at 2 kW/cm?. The Tpcy ranges from 1.58 x 1077 s t0 8.5 x 107 s across
the input power density range.

recombination is a mono-molecular process and is dominant
at low carrier densities. Therefore, Ryr/N versus N is
constant at low carrier densities and yields the value of the A
coefficient. It is 5.73 x 10® s™' at N = 6 x 10'® cm™3. This
low A coefficient value is achieved due to the AlGaN IL which
allows the growth of the barriers at a much higher temperature
compared to conventional InGaN/GaN MQWs and helps with
the radiative efficiency of the InGaN [22]. This can potentially
be further improved by tuning the growth conditions and
growing an InGaN UL before the MQW [17], [32].

This A coefficient value is comparable to the values pre-
viously reported for InGaN-based MQWs at shorter wave-
lengths when the MQW is grown without an In containing
UL [21], [26], [34], [35]. Table I shows the A coefficient
comparison at different wavelengths.

Fig. 4 (b) shows the Rg/N? versus N. Radiative recombi-
nation rate is a bi-molecular process, and the value of Rg/N>
yields the value of the B coefficient. Fig 4(b) shows that B
is not a constant, but rather it varies with N. This is similar
to reports at shorter wavelengths [17]. At low N, B increases
due to attractive Coulomb interaction between electrons and
holes [36], [37]. Then as carrier density increases, this effect is
screened and the Rg/N? gradually becomes constant. As the
carrier density is further increased (N > 5 x 10!8 cm_3)
the electron-hole wavefunction overlap increases due to car-
rier screening of piezoelectric polarization induced electric
field [38] causing a slight increase in Rg/ N2. Finally, at the
highest carrier densities, phase-space filling dominates and
causes Rgr o« N% where a < 2 and a decrease in the RR/N2
is observed [34], [39].
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Fig. 4. Plots of the (a) nonradiative recombination rate (Ryg) divided by
steady-state carrier density (), (b) radiative recombination rate (Rg) divided
by N2, and (¢) (Ryr — AN)/N3 versus N. Ryg/N is constant at N <
107 em~3 and corresponds to the SRH non-radiative coefficient A, which
is 5.73 x 10° 51 RR/N2 yields the radiative recombination coefficient B.
Bat N =3 x 108 ecm3 is 1.4 x 10713 em3s™!. (Ryp — AN)/N3
yields the Auger recombination coefficient C at high N (>1019 cm=3).
AtN =23 x 1012 em™3, € = 1.25 x 10731 ecm®s~1.

Table I also shows the B coefficients for the present sample
at N = 3 x 10" cm™3, typical LED operating carrier
density, B = 1.4 x 10713 cm3s™! and values provided in
the literature for blue and green. The measured B coefficient
is ~16 times lower than the values in the blue (470 nm) and
falls in trend with the previously published results that show
gradual reduction in B with decreasing transition energy [21],
[34], [40]. It should be noted that the data from [34] and [35]
in Table I do not have an IL. One would expect the addition
of the IL will increase the polarization fields on the quantum
well and decrease the electron hole overlap. However, this is
counteracted by an increase in the barrier from the IL. The
decrease in the overlap calculated by Schrodinger-Poisson k.p
simulations is small (<1%) [21], and therefore, we are able
to reasonably compare MQWs with and without ILs.
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TABLE I
COMPARISON OF A AND B COEFFICIENTS AT DIFFERENT WAVELENGTHS

Peak . .
A coefficient B coefficient
Study Wazf;l:l;lgth (x10° s1) (103 em’s™)
Ref. [34] 470 4 22
Ref. [35] 522 4.7 12
Ref. [21] 573 3-6 2-4
This study 604 5.73 14

There are few reasons behind this reduction in B. The B
coefficient can be expressed as:

A 2
B  Eep &+ pen|” |I|* L (Eep). @)

From Eqn. (7), the three terms on the right-hand side will
decrease with increased In-content in the QWs [41], [42].
They are the transition energies, E.j, electron-hole overlap,
|I|2, and momentum matrix element squared, (‘é. peh‘z).
At N = 3 x 108 ¢m™3, the electron-hole wavefunction
overlap, /, of the present structure is ~9-10 %. Compared
to a blue-emitting MQW (with 3.3 nm thick Ing15GaggsN
QWs and 10 nm thick GaN barriers), there is an |/|* ratio
reduction of ~3.6 times. The ratios of ‘é.pehyz and E.p
contribute to reductions of ~2 times [43] and ~1.3 times,
respectively. The combined contributions of all these elements
attribute to ~9.4 times reduction in B coefficient, smaller than
the experimental trend.

Other likely effects causing the additional decrease are
compositional and thickness variations in the quantum wells
which are manifest in the broadening term (L(E,;)) in the B
coefficient. Recent reports have suggested that carrier localiza-
tion due to compositional variations affect B by changing the
momentum-matrix element and the linewidth [11], [44], [45].
Thickness variation in InGaN QWSs is another reason that
could potentially decrease B [46]. Further studies need to
be conducted to understand the full effect of all these non-
idealities, but clearly improvements in the B coefficient will
lead to higher efficiencies.

Finally, Fig. 4 (c) shows the (Ryg — AN)/N? versus N,
where the A coefficient is determined at low carrier densities.
(Rnyr — AN) is the Auger recombination rate portion of
the total non-radiative recombination rate which dominates
at the high carrier densities (N > 1 x 10'° cm™3). The
Auger recombination coefficient, C is 1.25 x 1073 em®s—! at
N = 2.3 x 10'” cm~3. This value is once again similar to the
value in blue when grown without an UL [26]. Auger recom-
bination has two components: interband Auger recombination
and defect assisted Auger recombination [26]. Additionally,
Auger recombination is also affected by both carrier screening
and phase-space filling. To get a full grasp of C, samples of
different defect densities need be measured at higher N.

Previous reports suggest that all three A, B, and C coef-
ficients are related to overlap and should decrease at longer
wavelengths [34]. In an ideal case, where the defect density
remains similar, the effect of wavefunction overlap change
should get cancelled and the #,4,4 should vary by a small
amount. However, the trend versus wavelength (or In content
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in the QW) observed here is different. The B coefficient
decreases with an increase in wavelength, as expected, but
its decrease is more rapid than simply due to the overlap
as discussed. The A and C should decrease as the over-
lap to approximately the power of 1 and 3, respectively
[17], [26], [47], but experimentally they are comparable to
lower In-content QWs. This has implications on the radiative
efficiency that can be expressed as 7,44 = BN>/(AN 4+ BN?)
if we ignore C for now. This more rapid decrease in B/A ratio
versus wavelength (Table I) is the main reason behind lower
efficiencies at longer wavelengths for InGaN-based LEDs.
Employing an AlGaN IL has provided some control of the
A coefficient and C coefficients compared to a conventional
orange-yellow InGaN/GaN MQW, but in theory they should
be even smaller. Therefore, if A can be lowered by further
reducing the defect density and fixing the inhomogeneities
that also lower B, then it will lead to a larger improvements
in efficiency.

Finally, it should be noted that the addition of an IL may
affect the eventual carrier distribution in the MQWSs and
resistance while under electrical injection. It is known that in
conventional MQWs without an IL that lower hole mobilities
limits uniform injection across the QWs, so that deeper QWs
(further from p-type layers), have less carriers. The addition of
an IL may exasperate this problem. Electrically injected LEDs
with IL-MQWs have shown impressive results [29], [48], with
impressive resistances and forward bias characteristics. The
ILs are thin and have large energy band tilts that could help
with tunneling. It is unclear what the exact carrier spreading
is in these structures. Spreading is of great concern because
injecting into less QWs will increase carrier densities at a
particular current, inducing Auger recombination at lower
currents. The benefit of the optical pump methods used in
this work are that they remove these additional considerations,
making for a simpler rate analysis. For electrically injected
structures, additional analysis will be required to determine
if the increase in radiative efficiency is counteracted by any
additional resistances or carrier injection issues.

IV. CONCLUSION

To conclude, an InGaN/AlGaN/GaN MQW structure emit-
ting from 640 nm to 565 nm is grown specifically for optical
determination of the radiative and non-radiative recombination
coefficients. The measured data reveals that growing an AlGaN
IL on top of the InGaN QW results in a SRH recombination
rate similar to MQWs emitting at shorter wavelengths. Yet,
the radiative efficiency is much lower compared to shorter
wavelengths due to a ~16 times reduction in the B coefficient.
Additionally, the A coefficient should be lower based on its
dependance on overlap. The B/A ratio is decreasing more than
predicted by a simple overlap argument. Therefore, methods
that lead to further defect reductions and other non-ideal
effects causing should be further studied.
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