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ABSTRACT

The grown-in tensile strain, due to a lattice mismatch between AlGaN and GaN, is
responsible for the observed cracking that seriously limits the feasibility of nitride-based
ultraviolet (UV) emitters. We report in-situ monitoring of strain/stress during MOCVD of
AlGaN based on a wafer-curvature measurement technique. The strain/stress measurement
confirms the presence of tensile strain during growth of AlGaN pseudomorphically on a thick
GaN layer. Further growth leads to the onset of stress relief through crack generation. We find
that the growth of AlGaN directly on low-temperature (LT) GaN or AIN buffer layersresultsin a
reduced and possibly controllable strain.

INTRODUCTION

Thus far the optoelectronic effort of the Ill-nitride community has focused primarily on
InGaN-based visible light emitting devices for display and data storage applications [1]. Most of
these devices were grown on sapphire substrates with thick GaN layers of 2 to 4 nmsinserted for
improved structural and morphologica quality. (Thick n-GaN layers are also required for low-
resistive electrical injection.) The active region typically consists of (higher fraction) InGaN-
based quantum wells (QWSs) and (lower fraction) InGaN barriers for electrical confinement.
Further electrical and optical confinement is attained through the use of wide bandgap AlGaN
layers (Figure 1a). Substantial lattice mismatches, however, exist among the Ill-nitrides; the
mismatches (in the in-plane lattice constant) of InN (a~ 0.354 nm) and AIN (a = 0.3112 nm) to
the thick and presumably relaxed GaN (a = 0.3188 nm) layers are 11% compression and 2.4%
tension, respectively [2]. So far most of the strain-related studies have focused on the optical [3]
and structural [4] properties of thick GaN epilayers on sapphire or SiC substrates.

A smple analysis of the state of strain energy, denoted here as strain-thickness product in
Figure 1c, reveas the benefit of the aternating AlGaN/InGaN heterolayers (Figure 1a) in
balancing the tensile and compressive components to avoid excessive strains and to maintain a
pseudomorphic growth (dashed line in Figure 1c). Recently we have reported the growth and
device operation of an AlGaN/GaN QW-based UV LED on a thick GaN layer [5]. The use of
various AlGaN confinement layers, in the absence of any InGaN layers (Figure 1b), results in a
steep accumulation of grown-in tensile strain (solid line in Figure 1c). Indeed cracking was
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observed during fabrication of AlGaN/GaN UV LEDs with thick AlGaN barriers (Figure 2a).
The presence of cracking causes a significant variation of current-voltage characteristics among
the tested devices and contributes to a large leakage current under reverse-bias conditions (Figure
2b). It isworth noting that cracking of AlIGaN layers on thick GaN has been reported previousy

[6,7].
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Figure 1. Schematic diagrams of ablue laser diode (a) and aUV LED (b). The indium-containing layers are labeled
in blue and the AlGaN layers are colored in red. (c) Strain-thickness product along the growth direction for the
structures of (@) (dashed line) and (b) (solid yellow ling). InGaN layers tend to move the curve toward blue
(compression) and AlGaN layersto red (tension).
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Figure 2. (@) Top view of an etched circular mesa (100 mm diameter) showing the presence of a high density of
cracks. (b) Diode |-V curves taken from various devices across the same cracked sample.

An additional complication arises for AlGaN grown on sapphire, the most common substrate
of choice, as the sapphire (linear thermal expansion coefficient a ~ 7.6x10° k™) exerts a
compressive strain to the AlGaN layers (a ~ 5.6x10° k™) during cool down which tends to mask
the grown-in tensile strain due to lattice mismatch. Most of the post-growth ex-situ strain
characterizations [8-13] would in this case measure a combination of atensile stress due to lattice
mismatch and a compressive component due to thermal expansion mismatch. In an attempt to
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isolate these two competing factors by directly probing the grown-in strain, we have employed an
in-situ stress/strain monitor based on wafer-curvature measurement [14]. In this paper we will
report the monitoring and subsequent control of grown-in strain of AlGaN on sapphire using
different buffer layer schemes.

EXPERIMENT

A high-speed (1200 rpm), inductively heated, rotating disk reactor (RDR) was used to deposit
GaN films (nominally 1-3 mm thick) onto 2" diameter, 330mm thick, (0001) sapphire wafers.
Trimethylgallium, trimethylaluminum, and ammonia where used as the precursors, with
hydrogen as the carrier gas. A detailed description can be found in Ref. [15]. A two-step
deposition process was used. Initialy, a LT buffer of GaN (~550°C) or AIN (~600°C) was
grown. The buffer was then heated to 1050°C and stabilized for 1 minute prior to deposition of
the high temperature (HT) layer.

Real time wafer curvature measurements were performed with a multi-beam optical stress
sensor (MOSS) [16] modified for use on our reactor. To determine the wafer curvature, the
divergence of an array of initialy parallel laser beams is measured on a CCD camera after
reflection of the array from the film/substrate surface. Changes in wafer curvature induce a
proportional change in the beam spacing on the camera. This technique provides a direct
measurement of the stress during deposition and is described in detail in Ref. [17].

The relation between film stress (s5), and substrate curvature (k), is given by Stoney’s
equation [18],

:Mh2

S ¢y gsk, Q)

hs and hs are the film and substrate thickness, respectively and Ms is the substrate biaxial
modulus. Curvature is directly proportional to the product of the film stress and film thickness
(s¢h), both of which vary, in general, during growth. Equation 1 can be derived by balancing
the forces and bending moments in the film with those in the substrate, and assuming the filmis
much thinner then the substrate [18]. We also simultaneously obtain information on the surface
roughness and film thickness during deposition by monitoring the intensity of one of the reflected
laser beams, similar to the method described in Ref. [19].

RESULTSAND DISCUSSION

Figure 3 shows the stress-thickness product (s:) and the reflected beam intensity as
functions of growth time (see the following explanation) during growth of an AlGaN (Al~15%)
layer on a2 0.6 mm GaN layer grown at 1050°C. We have reported that [19] in-situ reflectance
could provide the information of growth rate from the periodicity of Fabry-Perot interference.
Such information in turn enables the conversion of time axis into film thickness (hy). On a plot
of s¢h versus hy, the slope is smply the grown-in stress (sf). A positive slope on such a plot
denotes atensile stress throughout this paper.

A dlight slope of the s¢hs curve during GaN growth (in Figure 3) was observed which
suggests the presence of a dight tensile stress. The grown-in stress of GaN on sapphire is the
subject of another publication [14]. After a growth transition in adjusting the reactor parameters
for the growth of AlGaN (an artifact of an abrupt decrease in the s¢h; curve was therefore
generated), a steady slope of 1.33 GPawas established which agrees well with the expected value
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assuming a pseudomorphic growth. After the growth of approximately 0.6 mm of AlGaN,
however, a step decrease of the s¢hs curve was recorded. Tentatively this feature is designated to
be the relief of grown-in tensile stress due to the occurrence of cracking. (Cracking was indeed
observed from Nomarski microscopy.) One implication is that the use of a thick GaN bottom
layer, acommon practice shared by the InGaN-based heterostructures, could lead to a build-up of
excessive tensile strain in the case of AlGaN-based heterostructures for UV optoelectronics.

Direct growth of AlGaN on sapphire via LT buffer layers becomes attractive as a means to
circumvent and aleviate the mismatch-induced tension imposed inevitably by the two-
dimensional growth mode (i.e. AlIGaN on a HT GaN layer). In Figures 4 and 5, sy and
reflectance versus thickness are presented for the growth of AlGaN (Al~17% in both cases) on
LT GaN and AIN buffer layers, respectively, on sapphire substrates. Even though atensile stress
(0.82 GPa) was still measured for AlIGaN on LT GaN buffer (Figure 4), it is interesting to note
that this value is less than half of the expected stress due to the mismatch between Alg 17Gag gsN
and GaN. One could speculate that the conventional, mismatch-induced strain constraint is
somewhat relaxed under a possibly three-dimensional island growth mode.

In the case of direct growth of AlIGaN on a LT AIN buffer (Figure 5), the s¢h curve first
moves downward, indicative of a compressive stress, before assuming a relatively flat (stress
free) growth mode. The origin of the compressive strain during the initial growth of
Alp17GaogsN is currently under investigation. A plausible cause is that the AIN nucleation
template has a smaller lattice constant than that of AIGaN. The compressive stress was estimated
to be around 1.3 GPa, much less than the full mismatch between Alp17Gaps3N and AIN (around 9
GPa).

CONCLUSIONS

Using a novel in-situ stress monitor, we measured the grown-in strain of AlGaN on various
layers. It was found that AIGaN grown on a thick HT GaN layer has a tensile strain well
predicated by the pseudomorphic lattice mismatch before strain relaxation occurs. Growth on a
LT GaN buffer layer resulted in arelaxation of more than 50% of the coherent tensile strain. The
use of a LT AIN buffer caused a compressive strain during the initial (first 0.1 mm) growth of
AlGaN. The combination of LT GaN and AIN buffer schemes could lead to the control of strain
during AlGaN growth for UV optoelectronics.
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Figure 3 Stress-thickness product and reflectance ver sus thickness during growth of AlGaN

(A1~0.15) on a 0.6 nm GaN layer
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Figure 4 Stress-thickness product and reflectance ver sus thickness during growth of AlGaN

(Al~0.17) directly on aL T GaN buffer on sapphire
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Figure5 Stress-thickness product and reflectance ver sus thickness during growth of AlGaN

(A1~0.17) directly on aL T AIN buffer on sapphire
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