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High-quality crack-free GaN-based light-emitting diodes 
(LEDs) were grown on patterned Si substrate using a 
flow modulation method and a high-temperature (HT)-
AlN/AlGaN superlattice structure (SLs) interlayer. The 
effects of these two techniques on material properties and 
device performance were studied. The enhanced crystal-
line quality can be attributed to a 3D to 2D coalescence 

process with fewer dislocations initiated from the inter-
layers. The light output power of blue LEDs was im-
proved by 66% after successful implementation of flow 
modulation and new interlayers. After substrate removal 
and packaging, the optical power of circle LEDs with di-
ameter of 300 μm could reach as high as 6.30 mW at  
20 mA. 

 

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  

1 Introduction  
GaN grown on silicon (111) have been widely investi-

gated because of silicon’s advantages such as low manu-
facturing cost, large size availability, and good thermal 
conductivity [1-4]. However, large mismatch in lattice 
constant would cause a large amount of defects in the order 
of 1010 cm-2 during hetero-epitaxy. And cracks easily de-
velop in the high temperature process especially when the 
GaN layer thickness exceeds 1 µm because of huge ther-
mal coefficient mismatch between GaN and Si.  

Many techniques have been reported for defect reduc-
tion and crack elimination. SiNx interlayer, which is insert-
ed at different positions by different groups, [2, 4, 5] has 
been proved to be an effective method to suppress disloca-
tions. 

AlN-based buffer is also widely used to provide com-
pressive stress for strain balancing as AlN has a smaller 
lattice constant than GaN (2%) [6]. Dual-AlN interlayers 
[4], and step-graded AlxGa1-xN buffer layer [7] between 
AlN nucleation layer and GaN have been reported to 
achieve crack-free GaN. 

There are many publications reporting GaN growth on 
silicon substrates, but few included results of LED devices. 
In this paper, we present improved GaN crystalline quality 

and GaN-based LED performance after effective imple-
mentation of a flow modulation method and a HT-
AlN/AlGaN SLs interlayer. Detailed LED results including 
those after Si substrate removal and packaging are also re-
ported.  

2 Experimental 
The growth of GaN films were performed on pat-

terned-silicon substrates by MOCVD in an Aixtron 
2000HT system. Detailed Si substrate preparations can be 
found elsewhere [2]. Trimethylgallium (TMGa), trimethy-
laluminum (TMAl), and ammonia (NH3) were used as pre-
cursors for Ga, Al, and N, respectively. To compare the 
crystalline quality of GaN grown by different methods, 
three samples A, B and C were grown with the same film 
thickness. The growth details were as follows:  

Firstly, a 30 nm AlN nucleation layer and an in-situ 
SiNx mask were deposited on the silicon substrate. Second-
ly, 1 μm GaN was then grown using a fixed [NH3]/[TMGa] 
molar ratio of 900 for Sample A, or flow modulation 
method, with a step-increase of [NH3]/[TMGa] ratio from 
390 to 900 and then 1600, for Sample B and C. Thirdly, 
Sample A and B shared the same low-temperature (LT)-
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AlN/HT-AlGaN as interlayer, while Sample C adopted 8 
pairs of HT-AlN/AlGaN SLs as interlayer. Finally, 1.5 μm 
intrinsic GaN (i-GaN) was grown on top for all three sam-
ples. The growth details are summarized in Table 1. 

Furthermore, four LED wafers were prepared to inves-
tigate LED performance with different buffers. LED wa-
fers (LA, LB and LC1) were grown with buffers similar to 
Sample A, B and C, respectively. Each LED structure con-
sists of a 1.5-μm Si-doped n-GaN layer, 5 periods of In-
GaN/GaN MQWs and a 200-nm-thick Mg-doped p-GaN 
layer. LED wafer LC2 adopted the same growth method as 
LC1 but with an extended n-GaN thickness to 2 μm. 

 
Table 1 Growth details of three samples. LT and HT denote re-
actor temperature of 950 °C and 1130 °C, respectively. 

Sample GaN buffer growth Interlayer composition 

A [NH3]/[TMGa] = 900 

B 

10 nm LT-AlN 
/250 nm HT-AlGaN 

C Flow modulation  
method SLs: 8 × 5 nm HT-AlN 

/25 nm HT-AlGaN 
 

3 Results and discussion 
3.1 Material characterization 
Crystalline quality of all three samples A, B and C was 

examined by high-resolution X-ray diffraction (HRXRD), 
as shown in Fig. 1. The effects of the flow modulation 
were investigated by comparing Sample A with Sample B. 
The full-width at half-maximum (FWHM) of Sample B 
was narrowed for both (002) and (102) orientation com-
pared with Sample A, which can be attributed to enhanced 
three-dimensional (3D) growth during the initial stage of 
the i-GaN layer. As shown in Fig. 2(b), when a low 
[NH3]/[TMGa] ratio was adopted, the reflectivity dropped 
quickly to nearly zero and no interference was observed. 
Under this condition, lateral growth was suppressed and 
large GaN island size formed [8] leading to smaller density 
of islands and a rough surface. Afterwards, by increasing 
[NH3]/[TMGa] molar ratio, lateral growth was accelerated 
and those large GaN islands started to coalescence. The re-
flectivity of Sample B increased gradually and many dislo-
cation lines got bent and terminated, leading to a better 
quality of the GaN epilayer. While in Fig. 2(a), a clear in-
terference in the beginning of GaN growth can be observed, 
showing a smoother surface than that in Sample B. In the 
subsequent growth of GaN, the dislocation lines had less 
chance to get bent compared with Sample B, and would 
propagate along the growth direction.  

Compared with Sample B, the FWHM of Sample C 
was even narrower, together with higher peak intensity, 
which indicated its superior quality over Sample B after in-
troduction of SLs as interlayer. The effects of HT- 
AlN/AlGaN SLs interlayer can be understood by compar-
ing cross-sectional TEM photos of Sample B and C, as 
shown in Fig. 3. The bright field images were collected 

near the GaN [1-100] zone axis under multi-beam diffrac-
tion conditions so that all types of threading dislocations 
can be visible. It is observed that a large amount of dislo-
cations initiated from the LT-AlN layer and can be found 
in the subsequent HT-AlGaN and GaN layers. While in 
Sample C, the TD density inside and above the interlayer 
was much smaller than that of Sample B. The dislocation 
density of top GaN layer in Sample B and Sample C were 
6.6 × 109 cm-2 and 5.0 × 109 cm-2, derived from Fig. 3.The 
better crystalline quality of Sample C as indicated by its 
narrower FWHM of XRD rocking curves can be correlated 
to its reduced TD density generated in the interlayer.  
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Figure 1 Symmetric (002) and asymmetric (102) HRXRD rock-
ing curves of Sample A, B and C. Corresponding FWHMs were 
listed in brackets in the unit of arcsec. 
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Figure 2 In-situ reflectance spectra of GaN growth on silicon of 
Sample A (a), B (b) and C (c). The numbers indicated the 
[NH3]/[TMGa] molar ratio in different time-slots for Sample A 
and B. IL denotes interlayer. 
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Figure 3 Cross-sectional TEM images of Sample B and C. 
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Figure 4 AFM images (5 μm × 5 μm scans) of GaN films in 
Sample A (a), Sample B (b), Sample C (c). 
 

The surface morphology of each sample was investi-
gated by atomic force microscopy (AFM), as shown in Fig. 
4. All three samples exhibited very smooth surface and 
clear atomic steps with root-mean-square (RMS) rough-
ness at 0.7 nm level. Among the three pictures, the atomic 
steps of Sample C are the best aligned with a distance be-
tween the steps of about 180 nm, which also confirmed its 
best crystalline quality among the three. 

Micro-Raman was also employed to investigate the 
stress states. The stress-sensitive E2 (high) phonon band 
positions were collected and slightly corrected with intense 
Si phonon reference band at 520.2 cm-1, as shown in Fig. 5. 
With respect to stress-free homoepitaxially grown GaN 
band at 567.5 cm-1, Sample A suffered the largest tensile 
stress, as estimated to be 1.08 GPa [9]. While the introduc-
tion of flow modulation in Sample B, and added HT-
AlN/AlGaN SLs interlayer into Sample C, residual tensile 
stress was gradually released to be 0.81 GPa and 0.44 GPa, 
respectively. 

 

558 561 564 567 570

0
1k
2k
3 k
4 k
5 k
6 k
7 k

In
te

n
si

ty
 (
a
.u

.)

R a m a n  S h ift(cm -1)

 A
 B
 C

GaN E2(high)

A: 563.5

B: 564.0

C: 565.6

 
Figure 5 Raman Spectrum of E2 (high) phonon bands for Sample 
A, B and C. 

 
3.2 LED results 
Photoluminescence (PL) of four LED wafers was 

measured using a 325 nm He-Cd laser as the excitation 
source, as shown in Fig. 6(a). The PL peak intensity can be 
divided into three levels: LA is the weakest while LC2, 
whose FWHMs of XRD ω-scans for the (002) and (102) 
orientation were 426 arcsec and 910 arcsec, emitted the 
most light. The remaining two samples, LB and LC1, 
shared a similar medium amount of emitted light.  
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Figure 6 PL spectrums of four LED wafers at room temperature 
(a) and L-I characterizations of four LEDs on Si (b). A typical I-
V curve was shown inset (left-top) and EL spectrums of 500 μm 
× 500 μm square LEDs LA, LB and LC2 driven at 55 mA were 
shown also (right-bottom). 

 
LEDs were fabricated with all four wafers using a 

standard three-mask process. Figure 6(b) shows the light 
output power versus injection current (L-I) characteristics 
of 500 μm × 500 μm square LEDs with different buffers 
after the standard fabrication process. The output power of 
each LED was quite linear to the driven current. The cur-
rent-voltage (I-V) characteristics were similar to each other 
for all LEDs and a typical I-V curve was plotted in the top-
left inset of Fig. 6(b). Typically, the forward voltage of a 
500 μm × 500 μm square LED was (3.4 ± 0.1) V driven at 
20 mA, and (4.0 ± 0.1) V at 55 mA. And the leakage cur-
rent at reverse-bias of -5 V was (0.7 ± 0.1) µA. When the 
same 55 mA current was applied, 2.00 mW blue light was 
measured from LA, while LEDs LB, LC1 and LC2 emitted 
2.60 mW, 2.56 mW and 3.33 mW, respectively, corre-
sponding to 30%, 28% and 66% improvement in power. 
The electroluminescence (EL) spectrums of LA, LB and 
LC2 driven at 55 mA were shown in the bottom-right inset 
of Fig. 6(b). The EL performance agrees with the PL 
measurements well and it can also be concluded that inter-
nal quantum efficiency was enhanced as the GaN quality 
was improved and GaN thickness was increased. It’s noted 
that the optical power of LC1 almost levelled with that of 
LB in both PL and EL measurements with longer wave-
length of around 10 nm, although the growth conditions of 
LC1 gave better crystalline quality. This maybe due to 
stronger quantum-confined Stark effect (QCSE) in quan-
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tum wells impacted by SLs interlayer [10]. Thus, the bene-
fit of improved crystalline quality was compensated by 
QCSE under 1.5 μm n-GaN condition.  

Beyond the standard process, the silicon substrate of 
LC2 was removed and LEDs were transferred onto a cop-
per substrate [11]. Furthermore, LEDs LC2 on copper were 
simply packaged by hemisphere silicone dome to reduce 
total internal reflection. The light output power of two dif-
ferent-sized LC2 at different stages were measured and 
listed in Table 2. 
 

Table 2 Light output power of different-sized LC2 at different 
process stages. The diameter of the circular LEDs is 300 μm and 
the edge of square LEDs is 500 μm long. 

Light output 
power  (mW) 

Circular LED 
@20 mA 

Square LED 
@55 mA 

On silicon 1.29 3.33 
On copper 2.35 5.85 

After package 6.30 

 

14.00 

 

 
4 Conclusion 
In summary, GaN epilayers were optimized by intro-

ducing flow modulation method and a HT-AlN/AlGaN 
SLs interlayer. Crystalline quality, surface mophorlogy and 
residual tensile stress were significantly improved after op-
timization. Crack-free GaN-based LEDs with total thick-
ness of 3.3 μm were demostrated using optimized growth 
methods and structure. Optical power was measured to be 
3.33 mW from 500 μm × 500 μm LEDs at 55 mA while on 
the original growth substrate, giving a power improvement 
of 66% compared with that before optimizaiton. After Si 
removal and simple packaging, the light output power 
could reach 5.85 mW and 14.00 mW, respectively under 
the same measurement conditions.  
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