www.afm-journal.de

Heat-Transport Mechanisms in Superlattices

By Yee Kan Koh,* Yu Cao, David G. Cahill, and Debdeep Jena

The heat transport mechanisms in superlattices are identified from the cross-
plane thermal conductivity A of (AIN),~(GaN), superlattices measured by
time-domain thermoreflectance. For (AIN)41 nm—(GaN)ss . superlattices
grown under different conditions, A varies by a factor of two; this is attributed
to differences in the roughness of the AIN/GaN interfaces. Under the growth
condition that gives the lowest A, A of (AIN), ,m—(GaN), superlattices
decreases monotonically as y decreases, A =6.35W m ' K ' aty=2.2nm,
35 times smaller than A of bulk GaN. For long-period superlattices

(y > 40 nm), the mean thermal conductance G of AIN/GaN interfaces is
independent of y, G~ 620 MW m 2K . For y < 40 nm, the apparent value of
G increases with decreasing y, reaching G2 GW m 2K ' aty < 3 nm. MeV
ion bombardment is used to help determine which phonons are responsible
for heat transport in short period superlattices. The thermal conductivity of an
(AIN)4.1 nm—(GaN)4.9 nm superlattice irradiated by 2.3 MeV Ar ions to a dose of
2 x 10" ions cm 2 is reduced by <35%, suggesting that heat transport in
these short-period superlattices is dominated by long-wavelength acoustic
phonons. Calculations using a Debye-Callaway model and the assumption of
a boundary scattering rate that varies with phonon-wavelength successfully
capture the temperature, period, and ion-dose dependence of A.

interface.!! This simple picture cannot,
however, explain heat transport in short-
period superlattices (i.e., £ > h) because
the thermal conductivities of short-period
superlattices do not decrease linearly with
superlattice period. Even generic under-
standing of which lattice modes dominate
heat transport is lacking. For example,
optical phonons which do not contribute
significantly to the heat conduction in bulk
crystals may be the dominant heat carriers
in short-period superlattices through tun-
neling”’ and mode conversions.®!

To complicate matters further, coherent
reflections of long-wavelength acoustic
phonons from multiple interfaces may
result in the formation of phonon mini-
bands, in which phonons transmit across
interfaces with high probability but with
reduced group velocity.””! As a result, theory
predicts that A of superlattices with atom-
ically smooth and abrupt interfaces should
increase with decreasing period for super-

1. Introduction

Superlattices are important structures for thermoelectric applica-
tions because of their potential for achieving high efficiency for
thermoelectric energy conversion.!"”! Despite numerous theore-
tical and experimental studies, basic understanding of the
thermal conductivity A of superlattices is incomplete.®! In
semiconductors, heat is carried by wave-like lattice vibrations, i.e.,
phonons, with a broad distribution of mean-free-paths £.* For
long-period semiconductor superlattices (i.e., £ < h, where h is
the thickness of the individual layers in the superlattice), A is
reduced by the finite transmission coefficient of phonons across
interfaces;1** this fundamental transport property of the interface
is typically referred to as the thermal conductance of the
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lattices with short periods.["” Indeed, some
researchers reported an increase of A in
short-period superlattices,"*¥ but other researchers working on
similar materials reported a decrease of A."*'* This inconsistency
suggests that, in addition to temperature and period, other
parameters, such as interface roughness™™ and lattice mis-
match,*® might be important.

In this paper, we identify the heat transport mechanisms in
superlattices from thermal conductivity A measurements of
(AIN)4 nm—(GaN), superlattices over a wide range of GaN thickness,
2nm <y < 1000 nm, and temperature, 90 < T < 600 K. We affirm
thatheat conduction inlong-period supetlattices is controlled by the
thermal conductance of interfaces. To elucidate the dominant heat
carriers in short-period superlattices, we created point defects in an
(AIN)4 1 nm—(GaN)4.9 nm superlattice by bombardment with 2.3 MeV
Ar* ions. As high-frequency acoustic and optical phonons are
strongly scattered by point defects,”) the small reduction in A that
we observe in these ion-bombarded superlattices implies that heat
is transported predominantly by long-wavelength acoustic pho-
nons; these long-wavelength phonons are relatively weakly
scattered by the superlattice interfaces.

Our study of the thermal transport physics of superlattices is
facilitated by our capability for growing GaN-based superlattices
with high structural quality."¥! AIN/GaN interfaces grown by
molecular beam epitaxy (MBE) are chemically abrupt at
monolayer scale with interface roughness of a few monolayers.!"”!

Our results are also technologically important. GaN-based
heterojunctions and superlattices are emerging material
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structures for high-electron-mobility transistors (HEMTs)??% and
near-infrared intersubband (ISB) devices.*"! As the performance
of these devices often degrade at elevated temperature, knowledge
of the thermal conductivity is needed to understand the
temperature distributions within high power devices and devise
approaches for effective thermal management.*?! Our findings
offer guidelines for efficient thermal engineering of GaN-based
electronic and optical devices, specifically those that use super-
lattices as either nucleation or active layers.

2. Experimental

We grow AIN-GaN superlattices by nitrogen-source radio-
frequency MBE (RFMBE) on top of semi-insulating 3.6 pm
GaN templates (prepared by MOCVD) on sapphire substrates.
Details of the growth conditions are given in Ref. [18]. All growths
are performed under metal rich conditions at 800°C. As the
misfit strain of epitaxial AIN on GaN is relatively high (2.4%), we
keep the thickness of the AIN layer (~4nm) within the
pseudomorphic growth limit to maintain smoothness and to
avoid cracks [18].

We grew two sets of superlattices. Set A consists of (AIN)41 nm—
(GaN)ss nm superlattices grown under different conditions: the rf
power input to the nitrogen plasma was varied from 150 to 400 W,
Al flux from 0.4 to 1.7 x 107 Torr, and Ga flux from 1.0 to
2.4 x 1077 Torr. Set B consists of superlattices with different
structure  (AIN,-GaNy),—AIN,, where x~4nm, 2nm<y<
100nm, and 5 < n < 30, n is the number of periods, grown under
the condition that gives the lowest A (plasma power of 275 W, an Al
flux with an equivalent pressure of 1.5 x 107 and a Ga fluxwith an
equivalent pressure of 1.4 x 1077 Torr). Total thicknesses of the
superlattices range from 200 to 500 nm. To extend our studies to
structures with thick GaN layer, we grew tri-layer structures of
AIN,~GaN,—-AIN,, where x ~ 4 and 200nm <y < 1000 nm. We
characterized the thickness of the AIN and GaN layers in the
superlattices by comparing simulations and measurements of
X-ray diffraction spectra, see Figure 1.

We measure the thermal conductivity A by time-domain
thermoreflectance [23,24]. Details of our setup are described in
Ref. [3]. In this study, the modulation frequency of the pump beam
is fixed at 10 MHz. The radii of the pump and probe beam are
15 wm at the sample surface. We use total laser powers of ~30 mW,
creating temperature rises of < 5 K. To prepare the samples for
measurements, samples are coated with ~100 nm thick Al films by
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Figure 1. XRD measurement and simulation of an (AIN)4.1 nm—(GaN)s2 nm
superlattice. 0 is the Bragg angle. The thicknesses of AIN and GaN layers
are determined by fitting the simulations to the data.
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magnetron sputter deposition. We analyze the data following
procedures described in Ref. [25], taking into account changing of
the radius of the pump beam at different relative delay time
between the pump and probe pulses [26]. In the analyses, we
represent our samples as a layer of n-period superlattices (n =1 for
the tri-layer structures) and a bottom layer of ~4nm AIN with
A=7W m~* K™% this choice does not significantly alter the value
of derived A compared to the usual approach of modeling the
superlattices as one layer, and provides a common procedure for
comparing data for the superlattices and for the tri-layer structures.

3. Results and Discussion

We summarize the effect of growth conditions on the A of
superlattices in Figure 2. All superlattices in Figure 2 have similar
structures—8 x (4.1 £ 0.6 nm AIN/55 £ 3 nm GaN). Nevertheless,
the thermal and electrical properties—cross-plane thermal con-
ductivity A atroom temperature, in-plane Hall concentration n, p at
77K, and in-plane Hall mobility p at 77 K—vary significantly (see
Fig. 2). Unfortunately, we could not determine the cause of these
variations because of the complicated carrier distributions in the
superlattices. Spatially separated electrons (2DEG) and holes
(2DHG) are induced®” in the superlattices due to polarization-
induced band-bending, and the carrier concentration at each AIN/
GaN heterojunction depends on the local strain®® and may not be
homogenous. As a result, 1, p, derived from p and the electrical
conductivity may deviate significantly from the total carrier
concentration. Moreover, . is a weighted average of the mobilities
of 2DEGs and 2DHGs and is most sensitive to carriers with high
mobility. As the mobility of 2DEGs and 2DHGs atlow temperature
depends on both the carrier density and the interface roughness,”*”!
mobility of 2DEG and 2DHG may vary for different AIN/GaN
heterojunctions. Hence, w could be strongly affected by atypical
properties of certain heterojunctions. Fortunately, A is relatively
insensitive to carrier concentration. An inhomogeneous distribu-
tion of strain could, in principle, contribute to phonon scattering at
the interfaces but since the thin AIN layers are planar and have the
same in-plane lattice parameter as GaN, the strain field is
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Figure 2. Roomtemperature thermal conductivity of (AIN) 4.1 nm—(GaN)ss im
superlattices of set A, plotted as a function of the in-plane Hall mobility
measured at 77 K. The in-plane Hall carrier concentrations at 77 K are ny.p =
0.9 (circles), 3 (diamonds), 7 (triangles), and 9 (squares) x 10">cm™
electrons are the dominant carriers. Solid symbols are superlattices grown
at plasma power P=275 W and open symbols are superlattices grown at the
plasma power as labeled. For P=275 W, different Al and Ga fluxes were used

to modify n,.5 and p of the superlattices.
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Figure 3. a) Thermal conductivity of (AIN),~(GaN), superlattices (solid
circles) and tri-layer structures (solid triangles) of set B plotted as a
function of the thickness of the individual GaN layer; the thermal conduc-
tivity of bulk GaN B is included for comparison. All samples are grown
with a plasma power of 275W, an Al flux with an equivalent pressure of
1.5 x 1077 Torr, and a Ga flux with an equivalent pressure of 1.4 x 1077
Torr. The thickness of the AIN layer in all samples is ~4 nm. The solid line is
a calculation using a Debye—Callaway model with the assumption of a
boundary scattering length that is equal to the thickness of the individual
GaN layers. Minimum thermal conductivities™ of AIN and GaN are added
to the calculation to account for heat transport by high frequency acoustic
and optical phonons. The dashed line is the effective thermal conductivity
calculated by assuming that each AIN/GaN interface has a thermal con-
ductance equal to the conductance of TiN/MgO interfaces.?*! The dash-
dotted line is the sum of the minimum thermal conductivity and a
calculation of the thermal conductivity using a Debye—Callaway model
with the assumption that the boundary scattering rate varies with phonon
wavelength; the fitting parameter is n=1.5nm, see Eq. 3. b) The mean
thermal conductance of interfaces in the superlattices (solid circles) and tri-
layers (solid triangles) of set B derived from the thermal conductivity
measurements shown in (a). The mean thermal conductance of interfaces
in GaAs/AlAs B4 superlattices (open triangles), Si/Sig,Geos B! super-
lattices (open diamonds) and W/Al,03 *! multilayers (open squares) are
included for comparison and are plotted as a function of half of the period,
d/2. The dashed lines are the mean thermal conductance of AIN/GaN
interfaces calculated using the AMM and DMM.

homogeneous and confined to the AIN layer. We do not expect this
homogeneous strain field in the AIN layers to significantly alter the
phonon lifetimes. Hence, we tentatively attribute the variation in
the A tointerface roughness. This is in keeping with the trend in the
low-temperature mobility; A increases as the low-temperature
increases, probably due to reduced interface roughness scattering.

We measure the A of AIN,—~GaN, superlattices over a wide
range of GaN thickness, see Figure 3a. All of the data plotted in
Figure 3 are for samples grown under the condition that
gives the lowest A in Figure 2. We find that A decreases
monotonically as the thickness of the GaN layer decreases,
reaching A=6.35W m™' K ! at y=2.2nm, comparable to
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the thermal conductivity of alloy Aly44GagsgN thin filmP? of
5.55Wm™ ! K

To gain insights into the data, we evaluate our data using two
complementary approaches. In the first approach, we attribute
the additional thermal resistance in the superlattices to the
thermal resistance of the interfaces. We assume that the thermal
resistance of individual layers and interfaces add in series, and
estimate the harmonic mean of the thermal conductance G of
interfaces from our A measurements using

2 x+y X y )
GT A A

where ABi¥and AN are thermal conductivities of bulk AINP*"
and GaN,B? respectively. The derived values of G using this
approach are plotted in Figure 3b. Fory >40nm, G ~ 620 W m™~
K%, close to the thermal conductance of epitaxial interfaces
between two similar materials with high speeds of sound (e.g.,
TiN/MgOP?). For y <40nm, G increases with decreasing GaN
thickness; possible reasons for this increase are discussed below.
This increase of apparent thermal conductance is not unique to
AIN/GaN superlattices; similar trends are observed in short-
period superlattices and multilayers of GaAs/AlAs,P¥ Si/
Sip,Geg .3, and W/A1203,[5] see Figure 3b.

In the second approach, we disregard the thermal resistance of
the interfaces and instead consider the scattering of phonons at
interfaces. Hence, we add an additional boundary scattering rate
! = v/h, where h is the thickness of superlattice layers and v is
the speed of sound. We construct a Debye-Callaway model
following the work of Morelli et al.?® and include this additional
scattering term in the model. Details of our approach are
described in Ref. [26]; the parameters of the model are
summarized as Table 1. We approximate the cutoff frequencies
from the peaks of the calculated phonon density of states.*”! We
fix the relative anharmonic scattering strengths of umklapp and
normal processes, By and By, and obtain absolute values of the
anharmonic scattering strengths from fits to the thermal
conductivity of bulk AINPY and GaN,*? see Figure 5. We
calculate the strengths of Rayleigh scattering I" due to isotopes of
nitrogen and gallium from Eq. (16) of Ref. [36]; T =4.29 x 107°
for AIN and ' = 2.74 x 10™* for GaN. We then estimate the A of
superlattices from

x+y X y
_ 2
ATAT A, Y

where ASiNand A2 are thermal conductivities of AIN and GaN
layers calculated from this Debye-Callaway model.

Our Debye-Callaway model does not include heat transport by
optical phonons and, because of the relatively low cut-off
frequencies for the acoustic branches, greatly restricts the
number of acoustic phonons that are included in the modeling;
in fact, <10% of the 3N vibrational modes of the crystal are
included in this approach. To account for heat transport by
phonons that are neglected by the model, we estimate the thermal
conductivity of these phonons using the calculated minimum
thermal conductivities™ of AIN and GaN.
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Table 1. Speeds of sound (v), cutoff frequencies (0), strengths of Rayleigh scattering (I'), and anharmonic scattering (B) for GaN and AIN used in the
Debye-Callaway model. The definitions of I' and B are given in Ref. [36]. The subscripts L and T represent longitudinal and transverse phonons, respectively.
The superscripts U and N represent umklapp and normal three-phonon processes, respectively.

v [msT] vr[m s 6, K] or [K] r BY 107" s K™ BY [107" s K™ BN 107" s K] BY [107"? s K7
GaN 8080 4150 441 213 2.74 %107 0.32 1.23 0.51 1.86
AIN 10930 6200 754 352 429X 107° 0.42 137 0.83 2.23

The calculations of the Debye-Callaway model added to the
minimum thermal conductivity are plotted as a solid line in
Figure 3a; the effective thermal conductivity estimated from the
first approach calculated using the thermal conductance of TiN/
MgO interfaces®¥ is plotted as a dashed line. Both calculations
agree well with the data for y > 40 nm, but deviate from the data
for y <40 nm.

One possible explanation of the discrepancies between these
models and the data for short-period superlattices is that the
interface morphology depends on the GaN layer thickness y; e.g.,
the roughness of interfaces might be small at small values of y
and large at y >40nm. Since phonons are diffusely scattered at
rough interfaces but coherently transmitted and reflected at
smooth interfaces, G could be larger for smoother interfaces.!®
However, we do not expect the difference in G to be as large as a
factor of 3.5 for interfaces between two similar materials. We note
that the thermal conductance estimated from a model assuming
that phonons are diffusely scattered [diffuse mismatch model
(DMM)]'® and from another model assuming phonons are
coherently transmitted and reflected [acoustic mismatch model
(AMM)]B® at the interface are 0.8 and 1.4 GW m™2 K,
respectively, see Figure 3b. In the calculations of the DMM and
AMM models, we consider only acoustic modes by treating each
AIN and GaN molecule as a single unit. We assume a linear,
Debye-like dispersion for these acoustic modes, and treat the
longitudinal and transverse modes separately. We allow mode
conversions!®*®! in the calculations.

A second possibility is that the excess heat is carried by optical
phonons which are not accounted for in the Debye-Callaway
model. Even though the group velocity of optical phonons is
typically small, high energy optical modes may still contribute a
significant portion of heat conduction in short-period super-
lattices through tunneling”! and mode conversion,® as most
acoustic modes are scattered by the interfaces. To test this idea, we
bombarded a GaN template and an (AIN);; nm—(GaN)sonm
superlattice with 2.3 MeV Ar" ions of different doses to create
point defects in the GaN template and the superlattice.

In the analysis of TDTR data of the ion-bombarded GaN, we
subdivide the GaN template into five layers according to the
simulated damage profile and assume that A is uniform within
each layer; A derived from this approach differs by less than 25%
from A derived from the usual procedure of assuming the GaN
template as a single layer. The derived A of the ion-bombarded
GaN is reduced by an order of magnitude for ion dose of
2.6 x 10™* ions cm™2. The reduction in A of the ion-bombarded
superlattice, however, is <35%, see Figure 4.

We assume thation bombardments create mainly point defects
such as vacancies and substitutional atoms, and interstitials;
hence, we expect that the strength of Rayleigh scattering I' created
by the ion bombardment will be proportional to ion dose. We
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Figure 4. Thermal conductivity of a MOCVD-grown GaN and an
(AIN) 41 nm—(GaN)4onm superlattice bombarded by 2.3 MeV Ar' ions
plotted as a function of ion dose. The solid line is the sum of the minimum
thermal conductivity and a calculation of the thermal conductivity using a
Debye-Callaway model with the assumption of a Rayleigh scattering
strength that is proportional to ion dose; the constant of proportionality
is adjusted to fit the data. The dash-dotted line is the sum of the minimum
thermal conductivity and a calculation of the thermal conductivity using a
Debye-Callaway model with the assumptions i) that the boundary scatter-
ing rate varies with phonon wavelength (n=1.5nm, han=4nm, and
hgan =5 nm), see Eq. 3; and ii) the Rayleigh scattering strength has the
same linear dependence on ion dose as in GaN.

include phonon scattering by these point defects in the Debye-
Callaway model using a Rayleigh scattering term that is
proportional to the ion dose; the constant of proportionality is
adjusted to fit the data for GaN, see the solid line in Figure 4.
From the fit, I' = 1.0 for an ion dose of 3 x 10'* ions cm 2. The
thermal conductivity of the short period superlattice is reduced by
<35% at high ion dose, see Figure 4. As optical phonons and high
frequency acoustic phonons are strongly scattered by point
defects,!"”) this small reduction of A created indicates that optical
phonons and high frequency acoustic phonons are not the
dominant heat carriers in short-period superlattices.

A third possibility is the formation of phonon minibands due
to the interference of phonons that are coherently reflected from
multiple interfaces. Since more phonons are transmitted in
phonon minibands compared to interfaces acting indepen-
dently,'® the formation of phonon minibands enhances the
apparent thermal conductance G and therefore enhances the
A This is akin to enhancement of electronic conductivity by
the formation of electron minibands in superlattices. To test this
idea, we measured the temperature dependence of the thermal
conductivity A of a short-period superlattice (y =4.9 nm) and two
superlattices (y~55nm) grown under different conditions; A
decreases with decreasing temperature for all three superlattices,
see Figure 5. This behavior is expected if scattering of phonons is
dominated by boundary or interface scattering, but is inconsistent
with a description based on the formation of phonon minibands.

Adv. Funct. Mater. 2009, 19, 1-6
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Figure 5. Temperature dependence of thermal conductivity of MOCVD-
grown 3.6 um GaN (left solid triangles), MBE-grown 0.69 um GaN (up
solid triangles), and superlattices grown under the condition that gives the
highest (solid diamonds) and the lowest (solid circles) thermal conduc-
tivities. Data for the thermal conductivity of AIN from Ref. [31] (open
circles); GaN from Ref. [32] (up open triangles) and Ref. [40] (down open
triangles); and SiC from Ref. [41] (open squares) and Ref. [42] (open
diamonds) are included for comparison. The superlattices are labeled by the
thickness of the individual GaN layers. The solid lines are calculations using
a Debye-Callaway model with the strength of the anharmonic phonon
scattering rates adjusted to fit the thermal conductivity of pure AIN B
and GaN. B4 The dashed line is the minimum thermal conductivity ) of GaN.
The upper and lower dash-dotted lines are the sum of the minimum thermal
conductivity and the thermal conductivity calculated using a Debye-Callaway
model with the assumption that the boundary scattering rate varies with
phonon wavelength (n=1.5nm, hany=4nm, and hg,y=>50 and 5nm,
respectively), see Eq. 3.

If minibands are formed, phonons are not scattered by the
interfaces, but are mainly scattered by the umklapp process with a
modified dispersion.”! Thus, the temperature dependence
suggests that only a small fraction of phonons that are able to
average over the interface roughness are able to form minibands.

A fourth possibility is that transmission of phonons across
superlattices might be a strong function of phonon wavelength;
e.g., interfaces are more efficient at scattering short-wavelength
phonons and the transmission coefficient of long-wavelength
phonons is relatively high.** Thus, for small y, where the thermal
conductivity is small, long-wavelength phonons provide a larger
fraction of the heat transport and the apparent G is high. We
incorporate this idea into the Debye-Callaway model using a
boundary scattering rate that depends on phonon wavelength. We
define a boundary scattering length ¢ =h/(1 —p), where

Adv. Funct. Mater. 2009, 19, 1-6
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p = exp(—n?/A?) is the fraction of incident phonons that are
specularly scattered at the interfaces,?” 5 is a fitting parameter
that depends on interface roughness, and / is the wavelength of
the phonon. The parameter n has units of length, and while we
expect that n is on the same order as the rms roughness of the
interfaces, other factors — e.g., the acoustic impedance mismatch
and the in-plane correlation length of the roughness — will also
contribute to the value of 5. The scattering rate is then

! :%(1 —exp(—Z—i)) (3)

where v is the speed of sound. Calculations using the Debye-
Callaway model including the minimum thermal conductivity in
combination with Equation 3 are plotted as dash-dotted lines in
Figures 3a, 4 and 5. The calculations fit well with the period,
temperature and ion-dose dependence of A.

4, Conclusions

In conclusion, we report the thermal conductivity A of AIN-GaN
superlattices over a wide range of layer thicknesses, 2
<h <1000nm, temperature 90 K < T< 600K, and point defect
density created by ion bombardment. A single model for the
phonon scattering rates successfully fits all of the data. We
conclude from our experiments and modeling that long-
wavelength phonons are the dominant carriers of heat in AIN—
GaN short period superlattices and that the scattering of long-
wavelength phonons at AIN/GaN interfaces has a strong
dependence on phonon wavelength.
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