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Crack-free thick AlGaN grown on sapphire using AIN  /AlGaN superlattices
for strain management

J. P. Zhang, H. M. Wang, M. E. Gaevski, C. Q. Chen, Q. Fareed, J. W. Yang, G. Simin,
and M. Asif Khan®
Department of Electrical Engineering, University of South Carolina, Columbia, South Carolina 29208

(Received 1 December 2001; accepted for publication 21 March)2002

We report on an AIN/AIGaN superlattice approach to grow high-Al-content thickAIGaN layers

over c-plane sapphire substrates. Insertion of a set of AIN/AIGaN superlattices is shown to
significantly reduce the biaxial tensile strain, thereby resulting im8thick, crack-free AJ ,.Ga gN

layers. These high-quality, low-sheet-resistive layers are of key importance to avoid current
crowding in quaternary AllnGaN multiple-quantum-well deep-ultraviolet light-emitting diodes over
sapphire substrates. ®002 American Institute of Physic§DOI: 10.1063/1.1477620

Deep-ultraviolet(UV) light-emitting diodesSLEDs) and  a similar AIN/GaN superlattice insertion approach to control
laser diodes are key to applications such as solid-state whiteracking in thick GaN layers grown over ($11)
light, biochemical detection and lithography. Recently, sev-substrates’
eral groups have reported on LEDs with emission wave- The AlGaN layers for this study were deposited on basal
lengths from 340 to 360 nm using AlGaN layers in the activePlane sapphire substrates using low-pressure metalorganic
region’—3Alternatively, we have reported on deep-UV LEDs chemical-vapor deposition. Trimethyl aluminum, trmethyl-
on sapphire with emission wavelengths from 305 to 340 nnfallium, and NH were used as the precursors. Three sets of
with a quaternary AllnGaN multiple-quantum-wéMQW) Alo Gay N samplles were deposned., differing only in the
active regiorf-® We used a unique pulsed atomic-layer epi_buf'fer layer configuration. Samples in set A had a 250-A-

taxy procedure to deposit the AllnGaN MQWs for the activethICk low-temperature (LT) AN buffer prior to the

. 67 . Alg,GaygN layers and are referred to as LT samples.
region.”’ In our design the LED structure was grown overSamples in set B have an additional high-temperattie)
the sapphire substrate. This choice, compared to the SiC SuBFown 40-nm-thick AIN intermediate layer in between the
strate, allows for much higher light extraction efficiency, | T.AIN buffer and the Al ,GaygN epilayers. We will refer
which is of crucial importance for deep-UV devices. The this set B as the HT samples. Samples in set C are referred to
total emitted powers and the differential quantum efficienciess the SL samples. For set C, first a 250 A LT-AIN buffer
were found to decrease with decreasing emissioflvas deposited on sapphire, followed by a @u@-thick HT-
Wavelengtr?. Some of the key reasons for this performancegrown Al ,Ga N, and then a ten-period AIN/ALGa, N
degradation with wavelength were the thickness, dopingsL. Finally, Al .Ga, gN layers with thickness ranging from 1
level, and the quality of the high-Al-content -AlGaN clad-  to 3 um were grown. For all these samples, the LT buffers
ding layer® which are responsible for the quality of the and HT epilayers’ growth temperatures were 600 and
above-lying MQW layers as well as for the lateral current1060 °C, respectively. The growth pressure was 40 Torr and
spreading in the device. The use of a thin AlGaN claddingthe V/III ratio 550. For the-type doping study, disilane was
layer combined with lateral device geometries led to a severdsed as the dopant.
current crowding® To circumvent these problems, crack- ~ Figure 1 shows the SEM images of the samples under
free, thick (=3 um) AlGaN layers are requiretf. Several investigation. For the LT and HT samples, we alwgys ob-
groups reported on different approaches to grow thickS€"Ve cracks when the top#Ga gN exceeds 1.2um [Figs.

AlGaN layers over GaN bufferd:*2 However, the use of 1(a) and 1b)]. However, the HT sample showed some reduc-

GaN layers drastically decreases the light extraction effi:[Ion in the crack density. For the SL. sample, no cracks were

ciency in deep-UV emitters due to strong absorption. W observed for the Al;GaN layer even as thick as 3,0m

. Fig. 1(c)]. Shown in Fig. 1d) is the SEM cross-section view
now report an approach of using a set of AIN/AIGaN SUPET ot the SL sample, where the strain-engineering SL structure

lattices(SL9) to reduce the biaxial tensile strain and success;g clearly seen. From the enlarged view we find the total

fully grow 3.0-um-thick Al JGa gN on sapphire withoutany - hickness of the SL region to be around 320 nm, implying a
cracks. Scanning electron microscoiBEM), photolumines- | period of 32 nm. We also used cathodoluminescence
cence(PL), x-ray diffraction(XRD), and transmission spec- mappings to estimate the material uniformity. The result in-

trum were used to investigate the effect of the SL straingjcates that the SL sample is more homogeneous than the LT
engineering on the quality of the resulting thick AlGaN layer. and HT samples.

While this letter was under preparation, Fekinal. reported Figure 2 shows the room-temperatR) PL and trans-
mission spectra of the gm-thick SL sample. The PL spectra

aAuthor to whom correspondence should be addressed: electronic maWere measured at RT using a pU|Sed_ e_XCimer laser (
asif@engr.sc.edu =193 nmy=8ns), with an average excitation power den-
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FIG. 3. (0002 26-w scans of the 3.0um SL and LT samplga); (0002
mapping of the 3.Qum SL sampleb).

FIG. 1. Plane-view SEM imagebackscattering modeof the LT sample
(a), HT sample(b), and the 3.Qum SL samplgc). Cross-section view of the
SL sample(d).
values of the(0002 w scans for 1.5um SL and LT/HT

sity of 0.2 MW/cnf. As seen, the very small Stokes shift samples are 6 and 16 arcmin, respectively. For the asym-
between the PL and transmission spectra indicates the highetrical(20—24  scans, these values are, respectively, 11.5
quality of the SL sample. This is also confirmed by the smalland 38 arcmin. Figure(8) shows the0002 26—w scans of
RT PL linewidth (6 nm). In the inset to Fig. 2 we compare the 3.0 um SL and the LT samples. As seen, for the SL
the RT PL of the LT, HT, and SL samples of different thick- sample, up to 12 satellite peaks are clearly resolved. The
nesses with the same Al mole fraction. As seen, the PL spestrongest peak in Fig.(8) is attributed to the top thick
tra of the LT and HT samples show a significant redshift asAlyGa gN epilayers; its low-angle shoulder is the superlat-
compared to the SL samples, implying a biaxial tensile strairiice zeroth-order peak, reflecting the SL average composition
existing in the LT and HT samples. This can explain theand overall strain. The average Al mole fractiern40% in
observed cracking in LT and HT samples as their thicknesghe AIN/Aly Ga ¢gN SL is larger than that in the top AlGaN
exceeds about Zm. Also, we can see that the PL in the SL epilayer(20%), therefore, the SL zeroth-order peak appear-
samples shows a slight redshift with increasing thicknessing to the lower-angle position indicates that the SL structure
This shift we believe is due to strain modification as the topis under a stronger biaxial compression as compared to the
AlGaN gets thick. The redshift, however, saturates when théop AlGaN layer. This will be confirmed in the following
total thickness is over 2.2m. We note that the PL intensity analysis. From the angular distance between the neighboring
of the SL samples increases with thickness. Since the Pkatellite peaks, the average period of the SL is again con-
spectra were measured using excimer laser excitation witfirmed to be 32 nm. Moreover, for the same Al fraction, the
extremely high absorption coefficient, this intensity increasd-T sample is under more biaxial tensile strain than the SL
indicates the material quality improvement. sample, as inferred from its higher angular peak position.

XRD rocking-curve measurements indicate that theThus, these XRD data confirm the PL data in the inset of Fig.
structural quality of the SL samples are much better than tha2. Our data clearly show that the effect of insertion of the
of the LT and HT samples. The full width at half maximum AIN/AIGaN SL is to reduce the biaxial tensile strain of the
top AlGaN layer. Figure @) shows the symmetrical map-
ping around thg0002 reflection for the SL sample used in

. 54 PL Transmission 100 Fig. 3(@). As seen, the SL satellite peaks lie in the same line
5 4] direction relative to the top ALGa, gN surface normal, con-
S | < firming that the top AJ,Ga N had grown on axis to the
2, . 5 soumst | | 603/ AIN/AlGaN SL_ strain-e_ngineerin_g layer.
@ 6 nm fé 4 22 . o _5 More-detailed strain status in the SL s_ample can be ex-
o , ] — <3 (crack-free) | | 40 @ tracted from the asymmetrical XRD mapping. In Fig. 4 we
£ G 12um HT I= show the(20-24 asymmetrical XRD mapping for the 3.0
E ] 2 1.0um LT & pum SL sample. The top thick fbGa, gN reciprocal lattice
14 £1 (cracked) 120 L . . . . .
— 7 © point is not in verticalQ, alignment with the SL satellites,
o ] 550370 350 3% sis a0l . indicating that it was not pseudomorphically grown on the
01 Wavelength (nm) 70 strain-engineering SL, it is partly relaxed. Since the SL

zeroth-order peak merges into the high-angle tail of the top

Al -Ga gN peak, to estimate the lattice constants, we take
wavelength (nm) the angle in the middle of ther1 satellite peaks as the

FIG. 2. Transmission and PL spectra of the gu® SL sample. The inset zeroth-peak position. Therefore, from Figs. 3 and 4, for the

shows RT PL spectra of the LT, HT, and SL samples with different thick- {OP A|0.2630.’8N epilayer of the SL sampl@=3.1590 A and
nesses of the top AkGa, N layer. c=5.1461 A; for the SL strain-engineering structure, the av-

200 300 400 500 600 700 800
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] Finally, the electrical properties of the Si-doped SL
6060 - sample were measured. From on-wafer Hall measurements, a
6040 - RT mobility of 130 cn?/V s was obtained for a doping level
o~ _
S 6020 of 2.5x10® cm 3. These values are very close to those
= measured fon-doped GaN layers on sapphireln contrast,
o 80007~ the RT mobility for the LT/HT samples was around 30—60
8 5980 + cn?/V s. This clearly establishes a superior electrical quality
O 59604 for the AlGaN layer resulting from the SL insertion proce-
}T>5940_ dure. We also note that based on the SL samples, recently we
) demonstrated milliwatt deep-UV LEDs operating at 326 nm
5920 1 (2 mW at 160 mA pulsed currentThese LEDs showed
59004 — : stable operation and a negligible current crowding effect.
5500 5550 5600 5650 5700 5750 In conclusion, we studied the effect of AIN/AIGaN SLs
QX*10000 (rlu) on the growth of thick AlGaN layers on sapphire. With the

conventional LT-AIN buffer AIGaN grown on sapphire suf-
FIG. 4. (20~24 mapping of the 3.um SL sample in reciprocal space.  fers from strong biaxial tension, which inevitably causes

cracks as the thickness increases. An insertion of the AIN/

AlGaN SL structure reduces the tensile strain, and can even

erage lattice constants ape=3.1482 A andc=5.1518 A: convert it from tensile to compressive. XRD mapping data
and for the A} ,GaygN of the LT samplec=5.1362 A. Ac-  Were used to analyze the strain modified by the SL strain-
cording to Ref. 14, for free-standing AGa N, a engineering layer. This strain management allowed us to
=3.1736 A andc=5.1382 A. We can see that although 9"0W a 3um-thick, crack-free Aj;GagN layer over sap-
most of the strain was relaxed by the cracks, the LT sample ighire substrates. The use of these thick AiGaN layers as
still under biaxial tensile strain, while the SL sample is over-Puffer layers for deep-UV LEDs can significantly reduce cur-
all under biaxial compressive strain. The SL itself experi-ént crowding and improve the quality of the active MQW
ences a higher biaxial compression than the top,@b, N €9I0N.
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