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Effect of indium pre-flow on wavelength shift
and crystal structure of deep green light
emitting diodes
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Abstract: To produce a deep green (530 nm—570 nm) LED, the suitable indium (In) composition
in the InyGa;_xN/GaN multi-quantum well (MQW) structure is crucial because a lower indium
composition will shift the wavelength of emission towards the ultraviolet region. In this paper,
we clarify the effects of an indium-rich layer to suppress such blue shifting, especially after the
annealing process. According to characterizations by the uses of XRD and TEM, narrowing of
the MQW layer was observed by the indium capping, while without the capping, the annealing
results in a slight narrowing of MQW on the nearest layer to the p-type layer. By adding an
indium capping layer, the blue shift of the photoluminescence was also suppressed and a slight red
shift to keep green emission was observed. Such photoluminescence properties were consistent
with the tiny change of the MQW as seen in the XRD and TEM characterizations.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

One of the main targets in Light Emitting Diode(LED) research is to broaden the emission
wavelength range [1]. InxGa;_xN has the direct bandgap between 0.6eV to 3.4 eV which is the
bandgap between InN and GaN [2]. This spans between the infrared region and the ultraviolet
region in terms of light emissions. Due to this property, the indium became the main element
alloyed in the multi-quantum well (MQW) to achieve blue, green, or other longer wavelengths in
LED fabrication. We are attracted to fabricate LED in a deep green region is around 530-570nm
region, which has some advantages in an application such as good light efficacy [3], satisfied
luminous sensation for eyes [4], great color rendering index [5] and promising candidate in light
fidelity(Li-Fi) light source [6].

To fabricate LEDs that produce light with a wavelength in the deep green region, we need
high indium content within the MQW [7]. However, since indium has a very low melting point
compared to the housing GaN crystal, a problem occurs when the full LED device is further
annealed as indium escapes from the MQW as it is very thin [8,9]. The LED uses magnesium as
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its p-type dopant which needed to be annealed to remove the hydrogen complex which decreased
the holes carrier performance [10—12]. The out diffuse of indium from MQW causes the LED
light emissions to shift from green to blue region [13]. The need to maintain high indium content
in the MQW after the complete fabrication process is crucial.

A lot of research towards green LED has been done in the past [14—17] which succeeded to
achieve the green region of light emissions, but it did not reach the deep green region or encounter
other problems. One of the techniques is to grow the MQW layer at a lower temperature around
550-600°C to incorporate more indium. Although succeeded in emitting deep green wavelength,
they lack in the narrow spectrum as required as LED standard, and sometimes demonstrate double
peaks. These phenomena are a result of crystal defect due to too much indium alloyed at these
low temperature, that leads to deep band recombination [18,19]. These problems degraded some
roles of MQW such as increasing indium content within the LED and increase its brightness
[20,21].

From these explanations, it is understood that it is crucial to fabricate not just LED with high
indium content in the MQW, but also has good crystal quality to have a narrow, single-peak
spectrum. The amount of indium that can be incorporated during the MQW growth phase at a
temperature that produces low defect crystals might have its limits, so finding a way of preventing
the indium out diffuse, or even a mechanism that enhanced the indium content during the p-type
activation via annealing process is inevitable. Previous research has reported indium pre-flow
technique in their blue LED fabrication [22] even though the indium diffused out from MQW
was almost unnoticed. A similar approach on the green LED [23,24] had been done, even though
they didn’t emphasize much on crystal quality which determines the full-width half maximum
(FWHM) of the outcome light spectrum.

In this paper, we approached the indium pre-flow technique to fabricate deep green LEDs. The
idea was to create a high indium concentration region beneath the MQW which will become the
top part of the n-type crystal structure so that the indium in the MQW cannot diffuse downwards
when the device is annealed. We did not apply indium on top of the MQW as capping since the
structure already has the AlGaN cap which also acts as the electron blocking layer (EBL). We
used C-plane GaN for the substrate. We had fabricated various samples with different III-V ratios
and compositions of the GaN cap, so there can be a comparison between those optimizations.

2. Experimental procedures

As mentioned in the introduction part, we prepared five samples, namely samples A, B, C, D, and
E. Sample A has the basic recipe without indium pre-flow. Sample B, C, D, and E all have the
indium pre-flow. The samples C and E had more nitrogen in the III-V ratio in the MQW and the
samples D and E do not have aluminum capping on the GaN. These samples can be simplified as
the following table (Table 1).

Table 1. The table of samples and alteration undergone

Sample Indium Pre-flow Nitrogen Increased Aluminum in GaN Cap Wavelength shift
A No No Yes Blue (=45 nm)
B Yes No Yes Green (+3 nm)
C Yes Yes Yes Blue (=27 nm)
D Yes No No No Significant Change (—1 nm)
E Yes Yes No No Significant Change (0 nm)

Figure 1 shows the structural diagram of the full LED devices. The full LED epitaxy growth
was carried out in Metal-Organic Vapor Chemical Deposition (MOCVD). The temperature of
the MQW growth was 700 °C and the pressure was 0.5 Torr. For the n-type layer growth, the
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Fig. 1. The basic structure of an LED grown. The top shows the structure of the LED

without the indium pre-flow, and the bottom shows the structure with indium pre-flow.
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temperature was set to be 1000 °C, and the temperature of EBL and P-type layer growth was
800°C. The pressure for these layers’ growth was also 0.5 Torr. C -plane GaN (0 0 1) was
used as the substrate. The base of the device which was a 5000nm n-type layer was grown
from NHs, trimethylgallium (TMG), and disilane (Si;Hg) as sources for nitrogen, gallium, and
silicon as dopant. For samples with an additional indium enriched crystal layer, trimethylindium
(TMI) flowed in the chamber in the final stage of the n-type growth as the source of indium.
All the samples except for sample A undergo this step, which we called pre-flow. During
this step, parameters such as temperature and pressure remain the same as the n-type growth
phase, but the flow of TMI was maximized to 400 standard cubic centimeters per minute
(SCCM). The MQW consists of six pairs of GaN/ InyGa;_«N layers which were grown from NHj,
Triethylgallium (TEG), and TMI as sources or nitrogen gallium and indium, respectively. The
ratio of gallium/indium was set as 1:6 for the In,Ga;_xN layers and they were grown alternately
to form six pairs of 12nm/3nm GaN/ InyGa;_xN sets of MQW. The total thickness of the MQW
was set to be 90nm. On top of the MQW, a layer of 70nm AlGaN cap layer was grown from NH3,
TMG, and trimethylaluminum (TMA) as the sources for nitrogen, gallium, and aluminum. For
samples D and E, only TMG and NHj3 flowed during this step. Finally, the topmost layer of the
LED devices was made up of a 140nm layer of p-type which was grown from TMG, NH3, and
bis(cyclopentadienyl)magnesium(Il) (Cp,Mg) as the source of gallium, nitrogen, and magnesium
as a p-type dopant. The photoluminescence test was done right after the epitaxy growth was
finished and after the annealing process for p-type activation was done. The annealing was done
in a furnace with a temperature of 650 °C for 15 minutes. The samples were cut into two pieces,
one was kept without annealing and the other was annealed for comparison reason. Sample A
after the annealing process, sample B before the annealing process, and sample B after annealing
were examined using transmission electron microscopy (TEM). The samples were prepared using
the focus ion beam (FIB) milling technique before observed under TEM (JEM-2100F, JEOL),
after the protection of carbon coating (JIB-4500, JEOL).

3. Results and discussion
3.1.  Photoluminescence spectrum

Figure 2 shows the photoluminescence (PL) spectrum of samples A, B, and C. The incident laser
for this measurement was a 430 nm UV laser. Sample A gives a peak value of 568 nm before the
annealing. However, the photoluminescence spectrum after the annealing process changed to
523 nm, a big shift towards the blue/UV range. This phenomenon can be viewed as the result
of indium loss from the MQW [25,26]. This problem does not occur or has a significant effect
on blue LED or other LED with lower indium content, but as the indium incorporated into the
MQW increase, the probability of the indium dissipation increased since indium has a very
low melting point, 156.60 °C. It also makes it hard to fabricate a green LED with a specifically
targeted wavelength range since the shift is too big. This result triggers us to apply the indium
pre-flow technique before the growth of the MQW layer, which would turn into the structure, as
shown in Fig. 1. The outcome gives a convincing result. The PL spectrum of sample B gives
548 nm before the annealing process and 551 nm after the annealing process. It shows that the
indium pre-flow would not just prevent the indium loss from the MQW, inversely it shifted the
wavelength towards the green/red region of wavelength. This phenomenon can be interpreted as
a result of indium diffused from the much higher concentration crystallized indium layer beneath
the MQW into the MQW. The sample C would contain higher nitride in the MQW since higher V
content in III-V ratio would give better crystal quality [27], in case we need to put more indium
in the MQW and at the same time trying to reduce the dislocation. The PL spectrum shows
that increased nitride while growing the MQW decreased the wavelength to 500 nm even before
annealing, possibly due to a lower indium nucleation rate [28], and further shifted to the blue
region of 473 nm after annealing. Nevertheless, the shift was greatly reduced from 45 nm for
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sample A to 27 nm for sample C. The pre-flow indium does have its effect. Sample D has a peak
wavelength of 508 nm before annealing and 507 nm after annealing, and sample E has a peak
wavelength of 530 nm before annealing and remains 530 nm after annealing. Both these samples
also proved that the indium pre-flow does help prevent or at least reduced blue-shift for the green
LED. The absence of aluminum in these samples cap might have effects on the LED electrical
characteristic since the cap also acts as the electron blocking layer, but we will not be discussing
that in this paper. Sample C shows a larger peak shift than sample E before and after annealing.
These phenomena can be hypothesized as the indium diffusion rate from the MQW to the top
and the bottom adjacent layers is the same. Since the thickness of the top layers is far smaller
compared to the bottom layers, then the space that the diffused indium can occupied is much
lesser at the top than the bottom. Thus, the amount of indium that can diffused to the bottom
layers in sample C is more than the amount of indium that can diffused to the top layer in sample
E. That would be why the peak shift is greater in sample C compared to sample E.
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(a) —— after annealing (b)
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Fig. 2. The photoluminescence (PL) spectrum of (a) sample A, (b) sample B, and (c) sample
C. The black line gives the spectrum of the samples before the annealing process, and the
red line gives the spectrum after the annealing process.

3.2. XRD measurement results

Figure 3 exhibits the omega2theta scan of sample B before and after the annealing. The successions
of peak and slopes represent GaN/ InyGa;_xN MQW film sets which are six respectively. This
sequence proved the existence of comparatively thin sets of layers in the MQW that are consistent
with the desired structure. The result confirms there is no structural change from the annealing
process although it does alter the indium content of the MQWs. All other omega2theta scans of
other samples demonstrate the same pattern. GaN/ InGa;_xN layer thickness attained was 17.1
nm and 3.3 nm respectively from the simulation plot.
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Fig. 3. The omega2theta result for sample B before annealing (top) and after annealing
(bottom).

We also obtained the concentration of indium in the InsGa;_«xN layer from omega2theta
calculation as in Table 2.

Table 2. The concentration of indium in the InxGa_xN layer from 2theta calculation

Sample Concentration Before Annealing % Concentration After Annealing % The difference,x %
A - 22 -
B 23 24 +1
C 18 14 —4
D 22 22 0
E 21 22 +1

We can use the PL wavelength shift data to calculate the indium loss from the MWQ using
Vegard’s Law formula equation from Ref. [29] which is as follows:

EmON = x x EJ™ 4+ (1-x) x E%N ——b x x(1-x) )]

Where E,"N is calculated from the wavelength, E,'™ =0.77 eV, E;%N=3.39 eV, b=2.96
eV. All of these parameters are also obtained from Ref. [29] From the equation above and the
values of the constants and the wavelengths of each of the samples, we can deduce that the value
of incorporated indium in the Inx)Ga(;_x)N are as in Table 3.
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Table 3. The concentration of indium in the InxGa{_xN
layer from Vagard’s Law calculation

Sample Wavelength shift, nm Difference, x, %
A —45 —4.6
B +3 +0.02
C =27 -2.4
D -1 ~0
E ~0 ~0

The x value from the XRD simulation and Vagard’s Law formula shows a slight difference, but
not in great order. The other explanation is that the omega2theta calculation of indium is for the
entire structure, while the Vagard’s Law calculation value is specified for the MQW indium loss.

The x-ray rocking curve characteristic can be observed in Fig. 4. We can obtain the crystal
quality of the sample in terms of dislocation. Both curves for sample B before and after the
annealling gives peaks at 17.25°, which is the peak for (0,0,2) GaN [30,31]. These curves also
have the same FWHM 0.006741°, which is much better than the results of crystal quality of the
same green MQW in [7]. These values indicate that the loss of indium gives nearly no effect on
the crystal quality, and other samples behave the same. To further determine the quality of this
crystal, we can calculate the dislocation, p, of the crystals by using Eq. (2) from Ref. [32]

p =B+ ((435)b%) 2

where S is the FHWM value in radian, and b is the magnitude of the b vector. Vector b satisfies
the equation g.b =0, where g is the diffraction vector of XRC. The value of b is 5.19 x 1078,
From the calculation, we obtain the dislocation of the crystal was p=1.17 X 10° cm™2. This
value proves that the samples have a very low defect compared to [21] and [32], even with the
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Fig. 4. The omega2theta result for sample B before annealing (top) and after annealing
(bottom).
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thickness that is bulkier, which is in micron order. We can deduce the existence of high-quality
single-crystalline within the sample. For samples C and E, in which we flowed extra NHj3 to
improve the crystal quality, the same value was obtained. This situation occurred due to the use
of GaN substrate that reduces the lattice mismatch. Other samples also exhibit the same quality
before and after the annealing process.

3.3. TEM cross-section image

Figure 5 shows the cross-section Transmission Electron Microscopy (TEM) image of the samples.
Figure 5(a) represents the cross-section of Sample A after the annealing process, while Fig. 5(b)
shows the TEM image for Sample B before the annealing process, and Fig. 5(c) is the TEM
image for sample B after the annealing process. Using these images, the structural condition
of the MQW prior to and post the annealing process to activate the p-type can be observed
and compared. The images show good contrast in the MQW’s, showing the abruptness of the
MQW layer of the device. The image of InyGa;_xN /GaN showshomogenous layers. The total
thickness of the MQW’s was ~105 nm, with the Iny,Ga;_xN layers average around 3-4 nm and
GaN barriers in between them were ~17 nm. These thickness are almost the same as the designed
structure within the error of 25-50%. The thickness obtained here is also consistent with the
XRD measurement in section 3.2. Figure 5(a) shows a darker region in contrast beneath the
MQW, which can be seen as the indium that out diffused from the MQW, thus shifting the LED
wavelength towards the blue region. In Fig. 5(b), we can observe the slightly darker contrast
beneath the MQW in the n-type region. This is the Indium-riched crystal layer that formed
from the TMI pre-flow. Although this layer reduces the abruptness of the barrier at the interface
between the n-type and the MQW, the homogenous layer of the InsGa;_xN layer can still be
observed. In Fig. 5(c) the darker region had reduced, which can be observed as the depletion of
the indium through diffusion during the annealing process. The indium diffuses downward into
the much thicker n-type region, and upward into the MQW. The upward diffusion caused the
green shift of the LED wavelength mentioned in the PL result in section 3.1. Even though there
is a diffusion of indium into the MQW?’s, the abruptness of the InyGa;_xN/GaN pairs had not
been affected. Contrary, the image proved that the structure of sample B after annealing keeps

(a) ' (b) ()
Sample A: Sample B: Sample B:
No preflow + After annealed Preflow + Before annealed Preflow + After annealed

InGaN®): 3~4nm
InGaN®): 2~4nm
InGaN@): 2~4nm
InGaN®@): 2~4nm GaN@: 17nm
InGaN2): 2~4nm CaNDIT
InGaN®: ~5nm ',—~‘

GaN®):16~17nm

GaN®@): 17nm

Outflow indium

Indium-riched crystal layer Depleted indium-riched crystal layer

Fig. 5. Cross-section TEM image of the MQW’s of a) sample A after annealed; b) sample
B before annealing process and c) sample B after annealed. The thickness value in a) also
applicable for b) and c).
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the desired thickness compared to sample A after annealing. In summary, the TEM cross-section
image of these samples shows that the indium pre-flow affect to keep the abruptness and the
homogeneity of the MQW layers, and it helps improve the structure of the LED after annealing.

4. Conclusions

We had conducted a full device LED epitaxy growth using MOCVD. We had grown the deep
green LED, which had a relatively high MQW indium content. We proposed to reduce or prevent
the blue wavelength shift due to MQW indium loss completely by applying the indium pre-flow
technique. We succeeded to decrease and stop the problems. On optimum condition and recipe,
we managed to shift the wavelength towards the green region, which can be concluded as the
increase of indium in the MQW before activation via annealing. As far as we are concerned,
we are the first one to report this finding for the deep green LED. They were some limitations
in our work, such as we cannot achieve the thickness as desired for the InyGa;_xN MQW layer
as in our structure, which is 2 nm when the XRD and TEM result shows around 3~4 nm. The
attempt to make it thinner by adjusting the source gases flow rate and the growth time resulted in
no crystalized layer observed. The thickness of the In«)Ga(j_x)N creates a trade-off between the
intensity of the emitted light from the indium content and the indium outflow from the MQW
itself. The Indium pre-flow, as a form of treatment, proved to prevent the blue-shift, gained green
shift, and improved the abruptness of the MQW layers after annealing. These findings might help
in future works, especially regarding research involving MQW with high indium content, not just
green but yellow and red wavelength range. The crystal quality of the samples also shows good
results for a crystal in general and LED specifically.
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