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ABSTRACT

Thermoelectric (TE) properties of erbium-silicon co-doped InyGa,; 4N alloys (InyGa;<N:
Er + Si, 0<x<0.14), grown by metal organic chemical vapor deposition, have been investigated.
It was found that doping of InGaN alloys with Er atoms of concentration, N[Er] larger than
5x10" cm™ , has substantially reduced the thermal conductivity, «, in low In content InGaN
alloys. It was observed that k decreases as N[Er] increases in Si co-doped Ing 10GaggoN alloys.
A room temperature ZT value of ~0.05 was obtained in Ing14GaggsN: Er + Si, which is much
higher than that obtained in un-doped InGaN with similar In content. Since low In content
InGaN is stable at high temperatures, these Er+Si co-doped InGaN alloys could be promising
TE materials for high temperature applications.

INTRODUCTION

The recent developments of advanced thermoelectric (TE) materials and devices draws a
lot of attention in power generation and solid-state cooling based on TE effects. They have
potential applications in waste heat recovery, air conditioning, and refrigeration [1].
Thermopower generation has the advantages of no moving parts and environmental friendliness.
However, applications of TE materials are still limited due to their relatively low efficiency [2].
The efficiency of a TE material is evaluated by the dimensionless figure of merit as follows;
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where S, o, k, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity,
and absolute temperature, respectively [3-4]. In order to achieve high ZT, S should be large so
that a small temperature difference can create a large voltage, o should be large to minimize the
Joule’s heating, and « should be small to decrease heat leakage and maintain a large temperature
difference. Most of the ZT enhancements have been achieved by reducing k. Nano-structure
incorporation, supperlattice, nanowires, and the substitution of heavier elements are some of the
methods used to reduce « [5-14]

Currently Bi,Te; based materials are widely used in TE technology due to their superior
properties [15-17]. However, their operational temperature is limited to near room temperature.
They are not suitable for power generation, which involves environments of high temperature
operation. SiGe alloys are currently the prime choice for high temperature applications of power
generation via TE technology but they have low efficiency [18-19].

Recently, I1I-nitride materials have attracted attention as potential TE materials for high
temperature applications due to stablity at high temperatures, chemical inertness, mechanical
hardness, and nontoxicity [20]. Furthermore, III-nitride based thin film TE devices could directly
integrate with nitride high power devices for spot cooling where their performance is

41



deteriorated by severe heating [21]. We have previously demonstrated that InyGa; <N with In
content (In = 0.36) has a ZT value as good as SiGe alloys in a measured temperature range (300
to 450 K). However, such a high In content with a growth temperature of ~ 950 K may not be
stable for prolonged high temperature operation above 1000 K [22-23]. In order to use InGaN as
a TE material for high temperature applications, In content in InGaN alloys needs to be lowered.
Since low In content has a high k, this results in a low ZT. Doping of rare-earth elements has
been investigated in other TE materials to enhance Seebeck coefficients and reduce k [24]. ErAs
as nanoparticles embedded in Ing 53Gag 47As alloys have been found to have a reduced «
compared with that of alloys without those particles [25]. Here, we investigate TE properties of
InyGa; 4xN:Er+Si alloys for potential in high temperature applications.

EXPERIMENTAL DETAILS

InyGa; xN: Er+Si alloys were grown on semi-insulating c-GaN/sapphire templates by
metal organic chemical vapor deposition (MOCVD). In,Ga; N alloys of thickness ~ 0.2 pm
were doped by Er with a concentration > 5x10'°cm™. Since Er doped InGaN alloys are highly
resistive, we co-doped these alloys with Si. Trimethylgallium (TMGa) and Trimethylindium
(TMIn) were used as precursors for Ga and In, respectively. Nitrogen and hydrogen were used as
carrier gases for InGaN and GaN, respectively. For an active nitrogen source, high purity
ammonia was used.

Seebeck coefficient S and thermal conductivity k of InyGa; N: Er+Si were measured by
thermal gradient and 3@ methods [26-27] which have been described previously [22-23]. A 150
nm SiO, layer was deposited on the surface of both InyGa,; (N: Er+Si samples and GaN/sapphire
templates (reference samples) by plasma enhanced chemical vapor deposition (PECVD), which
provides insulation for 3 measurements. Identical heater/sensor patterns on both the actual and
reference samples were made by developing a heater pattern with optical lithography and
depositing 20 nm Ni/120 nm Au and lift-off techniques. The width and length of heaters were 20
pum and 1000 um, respectively. In order to apply sinusoidal current with frequency o, a digital
lock-in amplifier was used and the voltages corresponding to ® and 3m components were
collected across the metal heater. An optical image of the heater/sensor pattern, the layer
structure, and in-phase components of ac temperature oscillation for an actual and a reference
sample are shown in Fig. 1.
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Fig. 1 (a) Optical image of a fabricated heater for 3o measurement and layer structures of an
actual and a reference samples; (b) In-phase components of the temperature oscillation (AT) as a
function of frequency of ac current at room temperature for the reference (GaN/sapphire
template) and the actual sample (Ing 10Gag9oN: Er +Si grown on GaN/sapphire template).

RESULTS AND DISCUSSION

Figure 2 shows the measured k of InyGa; «N:Er+Si as a function of x for x up to 0.35. k
of un-doped InyGa, N alloys [22] were also plotted for comparison. It is clear that k can be
significantly decreased with incorporation of Er atoms in InGaN alloys, particularly in those with
low In content. High x in undoped InGaN alloys of low In content is due to a weaker alloy
scattering effect compared with that of InGaN alloys of higher In content. Incorporation of Er, a
heavy element, provides additional scattering centers for phonons which further reduce « . Such
a reduction in k due to Er doping has also been observed in InGaAs alloys [25]. The effect of Er
for reducing «k in high In content was found to be less significant. This could be due to the alloy
effect becoming more prominent as In content increases, which is expected to reach a maximum
around middle of the In composition.
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Fig. 2 Thermal conductivity (k) of Fig. 3 Thermal conductivity (k) of
InyGa;xN: Er + Si alloys vs. In content, x InyGa; xN: Er + Si alloys as a function of
measured at room temperature. Solid dots Er concentration, N[Er] measured at
are measured « in undoped-InyGa;N room temperature.

alloys for comparison.

Figure 3 shows k and electron mobility p of Ing 10Gag9N: Er + Si as functions of Er
concentration, N[Er]. p was measured by Hall-effect measurement and N[Er] was measured by a
secondary ion mass spectrometer (SIMS) measurement. N[Er] in Ing ;0GaggoN: Er + Si was
found to be ~5 x 10" cm™ with an Er flow rate of 0.5 slm. We expect that N[Er] increases
linearly as the Er flow rate increases in Ing 10Gag9oN: Er + Si alloys. It was observed that k
decreased significantly in Ing 10GaggoN: Er + Si from 3.7 to 1.4 W/mK at room temperature while
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p decreased from 97 to 45 cm?/ Vs as N[Er] increased from 5x10" to 1.5x10%° cm™. Reduction
in k and p with increasing N[Er] is due to increased scattering centers.

Figure 4 (a) shows Seebeck coefficient S and electrical conductivity ¢ of Ing 10Gag9N: Er
+ Si alloys as functions of N[Er]. c were measured by Van der Pauw Hall-effect experiment. As
N[Er] increased S increased and ¢ decreased . Increase in S is due to a decrease of electron
concentration while decrease in o is due to a decrease of both p and electron concentration as
N[Er] is increasing. Power factor (P = s? o) and ZT of Ing 10Gag9oN:Er + Si as functions of
N[Er] are shown in Fig 4 (b). P decreased while ZT increased initially and then decreased as
N[Er] increased. The reduction in P is due to a reduction in ¢ as N[Er] is increasing. The ZT was
found to reach a maximum at N[Er] around 1x10** cm™ due to the combined effect of P and k.
A maximum value of ZT = 0.046 was obtained in the Ing;0Gag9oN: Er + Si at N[Er] around
1x10%° cm™ at room temperature.
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Fig. 4 (a) Seebeck coefficient, S and Fig. 5 (a) Seebeck coefficient, S and
electrical conductivity, o and (b) power electrical conductivity, ¢ and (b) power
factor, P and figure of merit, ZT of In,Ga,. factor, P and figure of merit, ZT of
N: Er + Si alloys as functions of Er InyGa; xN: Er +Si alloys as functions of
concentration, N[Er] measured at room In content, x measured at room
temperature. temperature.

TE properties, S, o, P, and ZT of InyGa; «N: Er + Si (0 <x <0.14) as functions of x are
depicted in Fig 5 (a) and (b). The usual trade-off relationship between S and o was observed.
Increase in o is due to an increase of eletron concentration with increasing x. ZT increases as In
content increasing in InyGa;.N:Er+Si (0 < x < 0.14) alloys. Beyond x > 0.14, we found
significant reduction in p, which results in lower ZT. Furthermore, the motivation of this work is
to develop III nitride materials for high temperature TE applications. A ZT value of ~0.05 at
room temperature was obtained in Ing14Gag g¢N: Er + Si which is much higher than that obtained
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in un-doped InGaN with similar In content [22]. Since low In content InGaN alloys can be stable
at high temperatures, these Er doped InGaN alloys could be promising materials for high
temperature applications.

CONCLUSIONS

It was

In summary, TE properties of InyGa; 4<N: Er + Si (0 < x <0.14) alloys have been studied.
found that doping of InGaN alloys with Er concentration, N[Er] larger than 5x10" cm™,

has substantially reduced the thermal conductivity k in low In content InGaN alloys.
Dependence of TE properties with N[Er] has been optimized in Ing 10Gag9oN: Er + Si alloys. The
thermal conductivity k decreased continuously as N[Er] increased in Ing 10Gag goN: Er + Si

alloys.

The highest ZT was obtained at N[Er] about 1x10% cm™. A room temperature ZT value

of ~0.05 was obtained in Ing 14Gag s¢N: Er + Si, which is much higher than that obtained in un-
doped InGaN alloys with a similar In content. This indicates that InGaN: Er +Si alloys of low In
content have potential for high temperature applications. Further improvement in ZT can be
expected by improving material quality.
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