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Stress and Defect Control in GaN Using Low Temperature Interlayers
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Abstract

In organometallic vapor phase epitaxial growth of GaN on sapphire, the role of the low—
temperature-deposited interlayers inserted betwee_n high-temperature-grown GaN layers was
investigated by in situ stress measurement, X-ray diffraction, and transmission electron
microscopy. Insertion of a series of low temperature GaN interlayers reduces the density of
threading dislocations while simultanequsly increasing the tensile stress during growth,
ultimately resulting in cracking of the GaN film. Low temperature AIN interlayers were found

to be effective in suppressing cracking by reducing tensile stress. The interlayer approach

permits tailoring of the film stress to optimize film structure and properties.
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1. Introduction

Pioneering work by Maruska and Tietjen [1] and Pankove et al. [2] demonstrated the
significant potential of GaN as a short wavelength light emitter. However, the difficulty in
growing high crystalline quality GaN free of cracks, and in fabricating p-type GaN, have long
prevented the practical application of GaN. The use of low-temperature-deposited buffer layer

(LT-buffer) [3,4] and the realization of p-type GaN [5,6] triggered the vast expansion of

nitride research worldwide [7]. Today, bright blue LEDs and green LEDs based on nitrides
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have been commercialized, and purple, deep purple; and even UV A—laser diodes have been
fabricated. Microwave FET and solar-blind UV detectors are also available. These results are
remarkable considering the 16% lattice mismatch between GaN and sapphire, which were
brought about by LT-buffer approach. Nevertheless, GaN growﬁ on sapphire using LT-
buffers still contains a high threading dislocations (TDs) densities on the order of 10%-10"%cm’
2 that originate at the interface between GaN and sapphire [8,9].

Recently, we reported that insertion of low-temperature-deposited GaN (LT-GaN) or AIN
(LT-AIN) interlayers between high-tempéramre:growﬁ GaN (H'I"—GaN) ‘layers reduces TDs

densities [10,11]. However, the mechanism for dislocation reduction has not yet been

clarified.
In this study, in situ stress monitoring and ex situ structural characterization by X-ray

diffraction (XRD) and transmission electron 'fhiérdsébpy (TEM) were performed to

investigate structural propeities of GaN as a function of the composition and number of

" interlayers.

2. Experiments

Nominally undoped GaN layers were grown on (0001) sapphire substrates in a vertical
rotating disk reactor [12] or horizontal reactor [13]. TMGa, TMAI and ammonia were used as
Ga, Al and nitrogen source gases, respectively, at around 140 Torr growth pressure. In this

study, LT-deposition and HT-growth were repeated up to nine times. The thickness of each

HT-GaN layer was fixed at ~1 um. The substrate temperature was ~500 °C for LT deposition
of GaN or AIN and 1,050 °C for HT-GaN growth.

The stress at the growth temperature (GT) was determined by measuring the curvature of
the sample using the multi-beam optical stress sen'sof (MOSS) techhique, described in detail

in ref. 14. Discussion of the real-time stress evolution of GaN during OMVPE growth of GaN

L]



DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference

herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or

otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



by MOSS is reported in ref. 15. In this measurement, product of film stress and film

thickness was derived from the wafer curvature. For details, see caption of fig.1 and ref.15.
The stress at room temperature (RT) was measured by high resolution X-ray diffraction.

26/w-scans of the (0002) and (20-24) diffraction were used to determine lattice constants ¢

and a at RT [16]. Formula (1) provides an estimate of biaxial stress from the lattice strain:
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In formula (1), c; are the elastic constants and & and &,. are the in-plane and plane-normal

lattice strain, respectively. In this paper, values reported in ref. 17 for the c;; of GaN were

used.

As a check, the ur;strained lattice-constants of a series of GaN films were evaluated from
the XRD data. We find ¢ = 5./850 A and a = 3.1892 A, is in close agreement with the values
reported by other groups [18-20]. We also checked the validity of the stress deduced from
XRD by comparing the in-plane and plane-normal strains. Differences of stresses deduced
from each strain were less than +0.05 GPa. Plan view transmission electron microscopy
(TEM) observation were carried out to measure the density of TDs using a HITACHI H-9000

TEM system with an acceleration voltage of 300 kV. In order to determine the density of TDs

of the uppermost layer, the samples were thinned from the back side.

3. Results
The stress of each HT-GaN layer were measured by MOSS at GT, and then measured
again at RT by XRD. A compressive thermal stress of 0.67 GPa, due to the difference in

thermal shrinkage between GaN and sapphire during cooling from GT to RT, superimposed



onto the growth stress was consistently observed. As pointed out in ref. 15, no measurable
lattice relaxation occurred during cooling. Therefore, we can confidently deduce the growth
stress from RT strain measurements.

Figure 1 shows traces of substrate temperature, biaxial stress (Gxx)-thickness(hg) product,
and TMGa flow into the reactor. The resolution of the stress-thickness plot (0.025 GPa*1um)

is limited by wafer thickness, susceptor wobble, electronic noise, etc. As shown in fig.1, the
stress during HT-GalN growth can be clearly resolved. bﬁﬁﬁg growth of the 1* and 2™ HT-
GaN films the stress-thickness product increases linearly, i;ldicating that both HT-GaN layers
were grown under a constant tensile stress. We also verified from the reflection intensity
monitoring [12] that the gowth rate was almost constant dqring growth except at the very
in'itial growth stage of HT-GaN. From the difference of the initial and ﬁnal stress-thickness
product during growth and thickness of each HT-GaN layer, we deduce the mean tensile
stress at GT to be 0.16 GPa and 0.59 GPa during the 1% and 2“"1 HT-GaN layer growth,
respectively. The reason for the sharp rise of the stress-thickness product just after growth of
1® HT-GaN layer is unknown.

The stress measured by MOSS at GT for each HT-GaN layer is plotted in fig.2 (Circle and
solid line). Also shown is the RT stress of the top HT-GaN layer for samples grown with
varying numbers of interlayers, measured by XRD (Down triangle and dashed line). Since
the difference in RT and GT stress in due only to the thermal expansion mismatch of about
0.67 GPa, as previously mentioned [15], we can plot the stress at GT measured by MOSS and
stress at RT measured by XRD for different samples in the same figure. For LT-GaN
interlayers, a monotonic increase in the tensile stress in the HT-GaN layers over the first three
repetitions is consistently obseryed. XRD stress measurements ilj_giicate an increase of 0.3 to
0.4 GPa per interlayer. This is in reasonable agreement with the direct GT stress

measurements made by MOSS for the 2 bilayer structure, shown in fig.1. Beyond three



repetitions, the stress at GT saturates at ~1 GPa. The behavior is much different when LT-AIN
interlayers are used. In this case, the mean tensile growth stress in each successive HT-GaN
layers remains small (about 0.19 GPa) and essentially constant, independent of the number of
interlayers deposited.

Figure 3 shows the derllsit'y"of TDs measured by plan view TEM of top HT-GaN layer as a
function of number of LT- interlayers. A reduction in the TD density is always observed with
an increased number of interlayers. This result is independent of the interlayer material. In
other words, both LT-interlayers act as TDs filter.

The apparent scaling of TD density with the mean tensile growth stress observed with LT-
GaN interlayers is not found when LT AIN interlayers are used. The origins of the tensile
stress during HT-GaN growth and the mechanism of the reduction of TDs with the insertion
of LT-interlayers are not well understood and will be discussed in future work. Saturation of
the stress at GT above 3 bilayers for the case of LT-GaN interlayers likely results from crack
generation when the tensile stress at GT exceeds the yield strength of the material. Figure 4(a)
shows an optical micrograph of a crack network in a film with 9 LT-GaN / HT-GaN bilayers.
On the contrary, in case of LT-AIN interlayers, cracking is not observed, even in a film with 9

LT-AIN / HT-GaN bilayers (Fig. 4 (b)).

4. Summary

The stress in HT-GaN grown with multiple insertions of low-temperature interlayers was
investigated. Large tensile stresses develop in the upper HT-GaN layer in case of LT-GaN
interlayers, eventually leading to film cracking. However, use of LT-AIN interlayers

suppressed the tensile growth stress. This stress control approach is extremely useful in

fabricating thick, low dislocation density GaN films that are free of cracks.
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Figure captions
Fig.] Traces of substrate temperature, film stress*film thickness (Ox*hy) product, and

injection of TMGa into the reactor during growth. Product of Gy*hy was derived from the

wafer curvature using the following equation;

, where, M: substrate biaxial Young’s modulus, hs : substrate thickness, k : wafer curvature

2
O *h, = M_h, « [see ref.15 and references therein]. In this case, one LT-GaN interlayer

was inserted between HT-GaN. Therefore, total number of LT-GaN layers is two. The
linearity of the stress*thickness during each growth of each HT-GaN layer indicates the

presence of a constant tensile stress.

Fig.2 Plot of the stress at GT measured by MOSS of the sample shown in fig.1 (Circle and
solid line). The stress at RT measured by XRD, of the top HT-GaN layer, for samples grown
with different compositions and numbers of interlayers is also shown. Up-triangles and the

dotted line show the LT-AIN case, while down-triangles and the dashed line show the LT-

GaN case.

Fig.3 The density of TDs measured by plan view TEM as a function of number of interlayers.

Up and down triangles show the LT-AIN and LT-GaN cases, respectively.

Fig.4 (a) Differential interference contrast micrograph of the surface of HT-GaN grown by
nine repetitions of the insertion of LT-GaN between HT-GaN. (b) Micrograph of HT-GaN

grown by nine repetitions of the insertion of LT-AIN between HT-GaN.
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