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The thermoelectric properties of unintentionally n-doped core GaN/AlGaN
core/shell N-face nanowires are reported. We found that the temperature
dependence of the electrical conductivity is consistent with thermally activated
carriers with two distinctive donor energies. The Seebeck coefficient of
GaN/AlGaN nanowires is more than twice larger than that for the GaN nanowires
alone. However, an outer layer of GaN deposited onto the GaN/AlGaN core/shell
nanowires decreases the Seebeck coefficient at room temperature while the
temperature dependence of the electrical conductivity remains the same. We
attribute these observations to the formation of an electron gas channel within
the heavily-doped GaN core of the GaN/AIGaN nanowires. The room-
temperature thermoelectric power factor for the GaN/AIGaN nanowires can be
four times higher than the GaN nanowires. Selective doping in bandgap
engineered core/shell nanowires is proposed for enhancing the thermoelectric

power.
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1. Introduction
One of the distinctive features of band-gap engineered heterostructured nanowires and
thin films is the presence a carrier gas layer with high mobilities [1-4], which is highly
desirable for field effect transistors [5-7], for solar cells in order to minimize carrier
recombination [8], and for thermoelectrics with the objective of enhancing the
thermoelectric power factor[9]. In general, researchers have focused on the study and
understanding of undoped band-gap engineered nanostructures because of the notion
that extrinsic doping would defeat the large carrier mobility of the carrier-gas layer [2,
10]. However, in some cases, doped band-gap engineered nanostructured materials
have been explored as an approach to modulate the electronic properties [11].
Decreasing the thermal conductivity via phonon-boundary scattering events in
semiconductor nanowires has helped achieve thermal conductivities comparable to
amorphous materials, thus improving the thermoelectric figure of merit, ZT = $?T(o/k),
in which S is the Seebeck coefficient, T is the absolute temperature, o is the electrical
conductivity, and k is the thermal conductivity [9, 12, 13]. In addition to increasing
phonon-scattering, a larger ZT can be achieved by increasing the Seebeck coefficient (ZT
is proportional to S2). However, gains in S are generally offset by a corresponding
reduction in o resulting in a lower power factor (5S¢ ¢). Decoupling the opposing effects
of S and o has been elusive despite extensive work in the field of thermoelectrics. S and
o was proposed to be decoupled in band-engineered nanowires due to the large
mobility of carriers without the need to extrinsically dope, but this approach has not yet

yielded the expected increase of $? o [4]. Quantum confinement in small diameter



nanowires could provide another alternative for increasing $2 o, but due to nanowire
diameter restrictions the thermal broadening and overlapping of the sub-band energies
limited this approach to temperatures below 100 K [14].

In this work, we measured the thermoelectric properties of unintentionally-
doped n-type GaN, unintentionally-doped core GaN/AIGaN core/shell, and
GaN/AlGaN/GaN core/shell/shell nanowires (NWs). In all cases, we found that the GaN
NW (core) provides a degenerate and a thermally activated conduction channels. The
growth of a shell provides an additional thermally activated conduction channel. The
GaN/AlGaN core/shell NWs have a substantially larger S than the GaN NW. However,

the addition of the extra GaN shell results in a decreasing S with increasing temperature.

2. Experimental Methods

Unintentionally doped n-type GaN NWs were grown by metal-organic chemical vapor
deposition (MOCVD) at ~900 °C on r-plane sapphire using thin Ni films deposited by e-
beam evaporation as a catalyst for vapor-liquid-solid (VLS) growth, as described
previously [15-17]. The NWs grow along the [11-20] direction with triangular cross-
sections comprised of a (000-1) facet and two {1-101} facets. GaN/AlGaN core/shell
NWs were grown separately by following the GaN NW growth process in-situ with
MOCVD deposition of an AlGaN shell layer at ~1050 °C [18]. Cross-section scanning
transmission electron microscopy images show AlGaN shell thicknesses ranging from 10

— 35 nm thick (Figure 1A) with Al content from ~20 — 30% as determined by energy

dispersive spectroscopy. GaN/AlGaN/GaN core/shell/shell NWs were synthetized by



subsequently depositing a GaN shell layer onto the AlGaN shell layer. The NWs were
typically tapered with dimensions of 150 nm - 250 nm base width and more than 15 um
long. The thermoelectric characterization platform was produced by standard
photolithography methods on a 1000 nm thick LPCVD silicon nitride on silicon substrate.
E-beam metal evaporation was performed to sequentially deposit 5 nm Ti, 50 nm Au, 30
nm Ti, 100 nm of Al, and 20 nm Ti followed by metal lift-off in acetone for about 4 hours.
Single NWs were picked from the as-grown substrate and placed on the thermoelectric
characterization platform by a nanomanipulator tool developed by our group [12]. E-
beam lithography was carried out to pattern contact lines on top of the nanowires in
order to achieve good electrical and thermal contacts. E-beam metal evaporation of 80
nm Ti (first layer), 80 nm of Al, 20 nm of Ti, and 30 nm of Au were carried out after
PMMA development. Finally, lift-off of the E-beam resist was carried out in acetone,
followed by rapid thermal annealing (RTA) at 750 °C for 30 seconds in forming gas (5%
H, in N,), which yielded ohmic contacts for the devices. This procedure produced
nanowires suspended between contacts (Figure 1B).

Samples were tested in a probe station, and later mounted in a helium closed-
loop cryostat. 4-probe AC electrical resistance (Ryprope) Was measured from 25 K to 310
K at 13 Hz. Contacts were ohmic within the studied temperature range. The electrical
resistivity (p) for our triangular cross section tapered nanowire was calculated from
P = Raprobe X (V3 /4) x (d3 X ds/l3_4), where d; and d, are the width of the nanowire
at the contacts 3 and 4 respectively, and I5_, is the length between them (Figure 1 B).

The dimensions of the nanowire were measured by HRSEM. The Seebeck coefficient



(§=-AVw/AT) of our nanowires was extracted by measuring the thermal voltage, AV,
and the temperature difference, AT, between leads 3 and 4 when a DC current was
applied to the heater (lead 1) (Figure 1B) [19, 20]. Measurements were taken at a

pressure of 5 x 10 Torr or lower.

3. Results and Discussion

3.1 Electronic Transport of IlI-Nitrogen NWs

The understanding of the thermoelectric characteristics of a material is greatly
simplified by the formation of ohmic contacts between the test leads and the sample
under study. Figure 2A shows a typical ohmic |-V characterization curve for our llI-
Nitrogen NWs at 25 K and 300 K. Ohmic contacts were realized after RTA for every
device employed in this study. The contact resistivity (Figure 2B) increases as the
temperature decreases which indicates a thermal activated process. During RTA, a
highly conductive TiN layer forms at the Ti-GaN interface [21] by the extraction of
gallium atoms of the crystal matrix and replacement by titanium atoms. The formation
of TiN during RTA creates a small energetic barrier between the metal contacts and n-
type GaN with the barrier height inversely proportional to the carrier concentration of
the GaN [22]. As the temperature decreases, the carrier concentration of GaN decreases
(Figure 3) increasing the contact barrier height, so electrical contacts become more
resistive. For the Ti-AlGaN interface, titanium can only replace gallium during RTA
because of a strong Al-N bond, but ohmic characteristics are still observed [21]. A highly

defective Al-Ti-N phase should form at the metal-GaN/AlGaN core/shell nanowire after



RTA. The contact resistivity of GaN NW turned out to be about 2 orders of magnitude
smaller than the one for GaN/AlGaN NW while the 4-probe electrical conductivities are
comparable among the nanowires (Figure 3). Our contact resistivities indicate that we
realized electrical contact to the AlGaN shell of GaN/AIGaN NWs. The temperature
dependence of the GaN/AlGaN contact resistivity is similar to the one for GaN NW, so
the contact barrier height could also be dependent of the carrier concentration in
GaN/AlGaN NWs.

The electrical conductivity as function of temperature for the different samples is
shown in Figure 3. We find the GaN NW has a relatively large electrical conductivity,
whereas undoped GaN is reported to be highly resistive [1, 2, 23]. Unintentional doping
during growth is likely the reason behind this observation [6, 23-26]. The Seebeck
coefficient (Figure 4) of the GaN NW is negative indicating the presence of electron
donors. The electrical conductivities versus temperature have the characteristic
behavior of a thermally activated process (Figure 3). At T < 50 K, the conductivities of
GaN are essentially degenerate which indicates the presence of a temperature
independent conduction channel. Therefore, the conductivity data for GaN and
core/shell nanowires were fitted with either a single exponential (eq. 1) or double
exponential decay (eq. 2) with a degenerate conduction term (oo) [27]. ks is the
Boltzmann constant and T is the absolute temperature.

o(T) = 0y + 0y exp(— Eq1 /kpT) (1)
o(T) = 0o + 0y exp(— Eq1/kgT) + 0, exp(— E4, /kpT) (2)



The activation energies (Eq1, Eq2) and temperature independent conductivities (o9, 01,
and o) for eq. 1 and 2 are reported in Table 1. The activation energies for the GaN
nanowires with eq. 1 are (18.7 £ 1.1) meV and (31.8 + 0.9) meV. The use of eq. 2 for the
GaN nanowires yields Eq; and Es2 which are not consistent with previously reported
values for conductive GaN [10, 27, 28]. A second shallow thermally activated conduction
channel (E;= 2 — 6 meV) was reported in some cases for unintentionally doped GaN [27]
which is not observed for our GaN nanowire. The synthesis process is known to
influence the electronic properties of unintentionally doped GaN nanowires [26, 28, 29].
The large temperature-independent conduction channel (oy) observed in our GaN and
GaN core nanowires and its relatively large variation among the samples could be the
associated with our synthesis process. The activation energy found by eq. 1 is similar to
that reported for substitutional oxygen impurities in doped GaN [25, 30], so it leads us
to assume that our GaN nanowires were unintentionally doped with oxygen during

growth.

Table 1. Fitting parameters for the conductivity of GaN, GaN/AlGaN, and
GaN/AlGaN/GaN nanowires.

oo (S/cm) o1(S/cm) Eq1 (meV) o2(S/cm) Eq2 (meV)

GaN #1 90.1+0.2 90.7+3.5 31.8+0.9 - -

GaN #2 264.1£0.5 64.3+3.1 18.7+1.1 - -
GaN/AIGaN #1 43.4+0.2 77.0+£0.8 345+0.6 12.4+0.5 54+0.4
GaN/AIGaN #2 37.3+0.5 36.3+0.1 28.3+0.0 46+0.3 3.0£0.0
GaN/AlGaN #3 78.6+0.4 440+1.1 28.1+1.7 16.5+1.5 5.6+0.8
GaN/AlGaN/GaN #1 31.2+0.2 35.3+0.8 349+1.2 10.9+0.2 4.8+0.4
GaN/AlGaN/GaN #2 30.6+1.1 148+0.4 133+1.1 10.8+1.0 1.4+0.8

Errors represent 95% confidence interval of the fitting parameters




The electrical conductivities of GaN/AlIGaN core/shell and GaN/AlGaN/GaN
core/shell/shell NWs showed a similar temperature trend as the GaN NW (Figure 3). The
fitting of o data in Figure 3 for both types of nanowires with eq. 2 yields two distinct
donor activation energies (Table 1). A single activation energy cannot fit either nanowire
over the entire temperature range. Since Eq; energies found for the GaN/AlGaN and
GaN/AIGaN/GaN NWs are similar to the activation energies for GaN, we conclude that
the electronic properties of the heavily doped GaN core are still contributing to the
electronic transport of GaN/AlGaN and GaN/AlGaN/GaN NWs. An electron gas (EG)
conduction channel with phonon-electron scattering characteristics and carrier
concentration independent of the temperature was observed in undoped GaN/AlIGaN
NWs [2] and thin films [10]. However, Eq2 for GaN/AlGaN and GaN/AIGaN/GaN samples
were estimated to be 1 — 5 meV indicating a shallow conduction channel that is not
observed in our GaN NWs.

The shallow thermal activated conduction channel (E;2) observed for our
GaN/AlGaN NWs does not correlate with previously reported EG characteristics. The
presence of an EG channel in triangular N-face GaN/AlIGaN doped-core/doped-shell
NWs has been theoretically predicted [3], and doped-GaN/doped-AlGaN thin films
showed an electron mobility and a sheet carrier concentration dictated by the 2-DEG
[10]. However, the electron gas channel in large diameter N-face GaN/AIGaN NWs is less
confined compared to small nanowires [3]. Furthermore, oxygen doping in GaN/AIGaN
thin films is associated with the large EG carrier concentration [31]. The Fermi energy level

and EG confinement is also influenced by the oxygen donor concentration [32].



Thermoelectric characteristics of non-confined EG in GaN/AlGaN are yet to be reported.
However, the hole concentration for a three dimensional hole gas (3DHG) in a Mg-
graded AlGaN layer on GaN was reported to slowly decay with decreasing temperature
[33, 34]. The second shallow channel in our nanowires may indicate an electron gas with
low degree of confinement as a result of the dimensions of the GaN/AlGaN and

GaN/AlGaN/GaN NWs and the donor concentration of the GaN core.

3.2 Seebeck Coefficient of llI-Nitrogen NWs

Another important aspect of the GaN/AIGaN NWs is the contribution of the shallow
channel to the overall Seebeck coefficient. S versus T for our samples is shown in Figure
4. At 300 K, S ~ -72 x 10° V/K was measured for the GaN NW (Sgon). S decreases as T
decreases with a similar trend to the one reported for heavily doped (ngav 6.6 x 10*°
cm”) n-type GaN NWs [20]. Based on the single band model [35], we estimate ngay ~ 1.3
x 10" em™ (assuming an effective electron mass equal to 0.22 m.[36]) indicating a large
donor concentration in our GaN NW. The observed Seebeck coefficient for the
GaN/AIGaN NWs (Sgan/aican) is also negative (n-type) and more than twice larger than
Scanv Within the measured temperature range. For two independent parallel conduction
channels [12], Scan/aican Should have contributions from the heavily doped GaN core and
the shallow conduction channel. Thus assuming that Sgoy remains the same after AlGaN
shell deposition, our experimental data indicate that the shallow channel contributes a
substantially large S to the overall increase of Sgonvjaican. Increasing the Seebeck

coefficient by field gate modulation of carrier concentration [4, 37], by field gate carrier



confinement [38], and by thin film band engineered 2-DEG carrier confinement [39] has
been explored. However, increasing the Seebeck coefficient by doping the core of
core/shell nanowires has not been previously reported. The large Sgan/aicen due to the
contribution of the shallow channel for our GaN/AlGaN core/shell Nws could be a
consequence of an electron gas channel increasing the energy dependence of the
density of states (dn(E)/dE) [38, 39].

To gain further insight into the electron transport in our GaN/AlGaN NWs we
carried out studies with GaN/AlGaN/GaN core/shell/shell NWs. While ¢ versus T shows
a similar trend with GaN/AIGaN (Figure 3), the Seebeck coefficient of GaN/AIGaN/GaN
(Scanyaican/can) differs significantly from Scanjaican between 180 K and 300 K (Figure 4).
The influence of the outer GaN shell to Scan/aiGan/Gan is considered thermally dependent.
From 25 K to 180 K, Scan/aican/Gan is similar to Scanyaican While Scanyaican/can at 300 K was
found to be comparable to Scan, so the enhancement of Sgan/aican seems to be
eliminated after the deposition of the GaN outer shell.

Coating a GaN/AlGaN thin film with a GaN film (GaN/AlGaN/GaN) results in the
formation of a 2-dimensional hole gas (2DHG) layer at the AlGaN/GaN interface due to
fixed polarization charges induced by the 2DEG layer in the GaN/AlGaN [40-42]. Similarly,
the non-confined electron gas layer within the core of GaN/AlGaN NWs could induce the
formation of a hole gas (HG) layer in GaN/AIGaN/GaN NWs. During thermal voltage
measurements, the diffusion of holes in the hole-gas channel opposes the diffusion of
electrons in the EG leading to a smaller Sgan/aican/can. The curvature of Sgan/aican/can

versus temperature indicates that the Seebeck contribution of the HG layer is reduced
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at low temperature range. Equation 3 provides the relation between the observed
Seebeck coefficient and it components where Ggan/aican, Gean/aican/can, and Gueg are the
conductance of the GaN/AlGaN, GaN/AlGaN/GaN, and HG respectively. The Seebeck
coefficient expression by the Cutler-Mott [43] is employed to capture the overall
Seebeck behavior where e is the electron charge, Eris the Fermi energy level, and B is

the dimensional constant between Gug and the conductivity of HG (o).

GGan/AlG G
S(T) = —enfAtel Scan/aian T —A S, (3)
GGan/AlGaN/GaN GGan/AlGaN/GaN

Bxo k3T /1 do
— AT+ HG B < HG)

oye dE

Gganjalcan/can 3 € Ef
Based on Scgan/aican data in Figure 4, the first term of the right hand side of eq. 3 can be
approximated to a linear relation of T where A is a constant. From 25 K to 140 K,
Scanyaican/can turned out to be a linear function of the absolute temperature. Assuming
the contribution of the HG to Scan/aican/Gan is not negligible, our observation indicates
that (donc/dE)ef/ Geansaican/can should be constant. It turns out that Geanjaican/can is @
weak function of the temperature (Figure 3), and the HG carrier concentration (nug(E,T))
and mobility (uuc(E,T)) are not expected to change from 25 K to 140 K [42], so the slope
of Scanyaican/can versus T contains the linear contributions of electrons and holes. For
temperatures higher than 140 K, Sgan/aican/can Shows a larger and nonlinear contribution
of holes. Increasing the carrier concentration of thermally active oxygen donors moves
the Fermi energy level deeper into the conduction band of the GaN core turning into a

larger EG carrier concentration [32]. Based on electrical conductivity data (figure 3), the
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concentration of oxygen active donor sites in the GaN core of our nanowires
exponentially increases becoming predominant for T higher than 140 K. Therefore, a
concentration increase of EG is expected resulting in a larger positive polarization at the
GaN/AlIGaN core/shell interface which it should increase the negative polarization
charges at the AlGaN/GaN shell/outer-shell interface. Thus a larger HG concentration is
reasonable, but the upward change of Er could result only in @ modest gain of the HG
concentration. The electrical conductivities for GaN/AlGaN/GaN nanowires have a
similar temperature trend to the conductivities of GaN/AIGaN samples supporting a
modest gain of HG concentration. Therefore, the nonlinear increase of the second right
hand side term of eq. 3 should have other contributions besides on¢ gain. The Seebeck
coefficient of an EG can be substantially increased by a positive electric field due to EG
layer confinement [38]. Similarly, the increase of the positive polarization charge density
at the AIGaN/GaN shell/outer-shell interface should also yield a more confined HG layer

resulting in a larger Sy

4. Conclusions

We report the formation of a shallow electron channel in N-face unintentionally doped
n-type core GaN/AIGaN core/shell NWs. Electrical conductivity and Seebeck coefficient
measurements of GaN/AlGaN NWs indicate that the shallow electron channel could be
the result of a non-confined electron gas channel. Furthermore, GaN/AlGaN/GaN
doped-core/shell/shell NWs show a Seebeck coefficient trend that supports the

formation of a hole gas due to the presence of an EG channel in the GaN/AlGaN
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core/shell. Due to the enhanced Seebeck coefficient of GaN/AIGaN NWs, the resulting
thermoelectric power factor at 300 K (520) is about 4 times larger than GaN NWs (2.4 x
10* W/m-K* and 0.62 x 10* W/m-K* for GaN/AlGaN and GaN NWs respectively). Even
though the heavily doped core still dominates the electrical conductivity, the EG channel
substantially contributes to the overall Seebeck coefficient. We propose enhancement
of ZT by a heavily doped GaN core and size reduction to increase the confinement of the

EG channel.
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Figure 1 A: Cross-section STEM image of GaN/AlGaN core/shell
NW. Darker region around the NW is the AlGaN layer. B: SEM
image of our thermoelectric characterization platform. Right
inset: zoom-in region showing a GaN/AlGaN nanowire
suspended on the 4 metal contacts. Left top inset: SEM top view
of the same device measurements while lead 1 is the heater for
thermoelectric voltage measurements.
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Figure 2. A: source-drain current at different temperatures as
function of DC bias applied between contact 3 and 4 (Figure 1B).
B: Contact resistivity as function of temperature for GaN and
GaN/AlGaN nanowires after annealing at 750 °C in forming gas
for 30 seconds.
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Figure 3. Electrical conductivity (o) versus 1000/T. The solid lines
represent the fitting of experimental data using the equations
described in the text. Fitting parameters are shown in table 1.
Inset: normalized conductivity versus 1000/T.
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Figure 4. Measured Seebeck coefficient versus T. Inset:
Schematic charge distribution of GaN/AlGaN/GaN
core/shell/shell nanowire. Charges in circles represent either EG
or HG while the others are polarization charges.
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