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Currently, more than 60% of the energy 
produced from fossil fuels is lost as waste 
heat. Consequently, thermoelectric energy 
conversion has attracted much attention 
as an energy harvesting technology since 
thermoelectric devices can directly convert 
waste heat from various sources such as 
electric power plants, factories, and auto-
mobiles into electricity.[1] The energy con-
version efficiency is generally evaluated 
using the dimensionless figure of merit, 
ZT = S2·σ·T·κ−1, where Z is the figure 
of merit, T is the absolute temperature, 
S is the thermopower (Seebeck coef-
ficient), σ is the electrical conductivity, 
and κ is the sum of the electronic (κele) 
and lattice thermal conductivities (κlat) of 
a thermoelectric material. To date, state-
of-the-art nanostructuring techniques, 
which can reduce κlat significantly through 
phonon scattering by nanosized struc-
tural defects,[2] have realized high-perfor-
mance thermoelectric materials showing 
a large ZT of 1.5–2. However, κlat reduc-

tion techniques generally deteriorate σ due to the significant 
decrease in carrier mobility (µ), leading to a moderate net ben-
efit in the maximized ZT, which is determined by the ratio of  
µ/κlat (quality factor).[3]

On the other hand, the product S2·σ, which is called the 
power factor (PF), is also used to evaluate a thermoelectric 
material. Although a low κ is strongly required when the mate-
rial is placed in a thermally isolated atmosphere such as space 
(in a vacuum), a high PF is more critical than a low κ when the 
surrounding atmosphere heats and cools the material. In fact, 
Yamamoto et al. experimentally demonstrated that thermoelec-
tric devices with large κ metals composed of Constantan (N-leg) 
and Chromel (P-leg) sheets efficiently generate electric power 
in a butane gas flame.[4] In this case, heat transfer is governed 
by convection heat flow, which cancels the conduction in the 
material. Thus, a high PF is necessary for efficient power gen-
eration rather than low κ when a material is not in a thermally 
isolated atmosphere.

The PF must be optimized due to well-known trade-off 
relationship between S and σ in terms of the volume carrier 
concentration (nv); as nv increases, σ increases, whereas |S| 
decreases. Optimized PF values of state-of-the-art bulk ther-
moelectric materials range between 1.5 and 4 mW m−1 K−2  
at room temperature, without exception of recently reported 
Nb1−xTixFeSb half-Heusler (10.6 mW m−1 K−2).[5] Exam-
ples include SnSe (PF ≈ 4 mW m−1 K−2),[6] Bi0.5Sb1.5Te3 
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(PF ≈ 4 mW m−1 K−2),[2b,c] AgPbmSbTe2+m (3.6 mW m−1 K−2),[2a] 
CsBi4Te6 (3.4 mW m−1 K−2),[7] SiGe alloy (1.5 mW m−1 K−2),[8] 
Na0.88CoO2 (3.4 mW m−1 K−2),[9] Nb-doped SrTiO3 (≈2.5 mW 
m−1 K−2),[10] PbTe-SrTe (1.4 mW m−1 K−2),[11] and rough Si 
nanowire (PF ≈ 3 mW m−1 K−2).[12] Thus, the PF enhancement 
is limited by difficulties realizing a simultaneous increase in 
S and σ. Additionally, there is another trade-off relationship 
between the carrier mobility (µ) and nv; σ at the maximized PF 
is much lower than the ideal value since impurity doping sig-
nificantly suppresses µ (Figure 1a). In a typical semiconductor, 
µ decreases ≈1/10 by conventional impurity doping.[13]

Herein we propose that a high-mobility 2D electron gas 
(2DEG) at a semiconductor heterointerface is a viable solution 
to overcome the bottleneck in thermoelectric trade-off rela-
tions. In 2DEG, µ is not suppressed since the high-mobility 
channel lacks an impurity (Figure 1b). Furthermore, the PF 
by the electric field carrier concentration modulation can be 
optimized by the metal-oxide-semiconductor (MOS) struc-
ture on such a 2DEG. In this study, we investigate the PF of 
a 2DEG, which is induced at an AlGaN/GaN heterointerface 
by the electric field thermopower modulation method.[14] The 
maximized PF of the 2DEG is ≈9 mW m−1 K−2 at room tem-
perature, which is an order magnitude greater than that of the 
doped GaN bulk and two- to sixfold greater than those of state-
of-the-art thermoelectric materials, while maintaining a higher 
σ (= 6030 S cm−1) than state-of-the-art thermoelectric materials 
(σ = 1000–2500 S cm−1).

We fabricated an Al2O3/AlGaN/GaN metal-oxide-semi-
conductor high electron mobility transistor (MOS-HEMT)[15] 
and measured the thermoelectric properties of the 2DEG by 
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Figure 1. Schematic illustration of thermoelectric power generation in an 
n-type semiconductor. a) Conventional impurity doped n-type semicon-
ductor. Carrier electron flow from the hot to the cold side due to the See-
beck effect. Low mobility of the carrier electron originates from ionized  
impurity scattering. b) Electric field induced high-mobility 2DEG. Larger 
electric power can be obtained compared with (a).

Figure 2. Electric field thermopower modulation measurement of 
AlGaN/GaN MOS-HEMT. a) Schematic energy band diagram of 2DEG 
confined at an AlGaN/GaN heterointerface. CBM and VBM denote the 
conduction band minimum and the valence band maximum, respectively.  
Thermoelectric properties can be modulated by applying a gate voltage 
(Vg). b) Schematic illustration of the AlGaN/GaN MOS-HEMT. c) Photo-
graph of the electric field thermopower modulation measurement of  
AlGaN/GaN-MOSHEMT. MOSHEMT is placed between the gap (2 mm) 
of two Peltier devices. During a gate voltage application, temperature 
differences (∆T) are introduced between both ends of the channel using 
the Peltier devices.
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introducing a temperature difference during a gate voltage 
(Vg) application to modulate the Fermi energy (EF) (Figure 2a). 
We used a commercially available Al0.24Ga0.76N (20 nm)/GaN 
(900 nm)/Fe-doped GaN (300 nm) heterostructure film, which 
was grown on a semi-insulating (0001) SiC substrate by metal 
organic chemical vapor deposition (Figure 2b). The sheet resist-
ance (Rs), Hall mobility (µHall), and sheet carrier concentration 
(ns) were 423 Ω sq−1, 1730 cm2 V−1 s−1, and 8.53 × 1012 cm−2, 
respectively, at room temperature. The gate length (L) and width 
(W) of the MOS-HEMTs were 800 µm and 400 µm, respectively. 
Details of our MOS-HEMT preparation are described in the 
Experimental Section and elsewhere.[15]

Figure 2c shows the carrier transport properties at room 
temperature. The transistor characteristics were measured 
using a semiconductor device analyzer (B1500A, Agilent). For 
the S measurements, we used two Peltier devices placed under 
the MOS-HEMT with a 2 mm gap to induce a temperature 
difference between the source and drain electrodes (∆T, 0–1 K),  
which was monitored via two thermocouples (K-type, 150 µm 
diameter, SHINNETSU Co.) mechanically attached at both 

edges of the 2DEG channel. The thermo-electromotive force 
(∆V) and ∆T were simultaneously measured at room tempera-
ture. Then the slope of the ∆V–∆T plots yielded the S-values. 
Details of our electric field modulated S measurement are 
described elsewhere.[14b–d]

Figure 3 summarizes the carrier transport properties of the 
MOS-HEMT at room temperature. Applying a gate voltage (Vg) 
from −9 to +4 V at a constant drain voltage (Vd) of +10 V dra-
matically modulates the drain current (Id) from 7 nA to 7 mA 
(on-to-off current ratio ≈106) (Figure 3a). The gate leakage 
current (Ig) is ≈300 pA when Vg is less than +2 V, while the Id

0.5 
versus Vg plot indicates that the threshold gate voltage (Vth) is 
−7.98 V. The gate capacitance per unit area (Ci) is 166.3 nF cm−2 
(Figure 3a, inset). The output characteristic curves clearly 
show the pinch-off behavior and the current saturation of 
Id (Figure 3b), indicating that the characteristic of the MOS-
HEMT obeys the standard transistor theory.

The ns value was calculated as ns = Ci·(Vg−Vth)·e−1. At 
Vg = 0 V, its value is 8.32 × 1012 cm−2, which agrees well with that 
obtained from the Hall measurement (ns = 8.53 × 1012 cm−2) 
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Figure 3. Carrier transport properties of 2DEG in AlGaN/GaN MOS-HEMT at room temperature. a) Transfer Id–Vg characteristic at Vd = 10 V. Ig–Vg 
characteristic is also plotted. Inset shows the Ci–Vg characteristic. b) Output Id–Vd characteristics (−6 V ≤ Vg ≤ + 4 V). Pinch-off and current saturation 
behaviors are clearly observed. c) Changes in the field effect mobility (µFE) and the sheet carrier concentration (ns) as functions of Vg. d) Change in 
the thermopower (S) as a function of Vg.
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(Figure 3c). In the present MOS-HEMT, ns can be modulated 
from ≈1011 cm−2 up to 1.25 × 1013 cm−2. The field effect mobility 
(µFE) was calculated as

( )
FE

m

i g th

g L

C V V W
µ =

⋅

⋅ − ⋅
 (1)

where gm is the transconductance, dId/dVg. µFE drastically 
increases from ≈10−1 to ≈103 cm2 V−1 s−1 around Vg ≈ −7 V, and 
is almost saturated at ≈1500 cm2 V−1 s−1 when −7 V < Vg < +2 V, 
similar to that of the original value (1730 cm2 V−1 s−1) obtained 
from the Hall measurement (Figure 3c). These results clearly 
demonstrate that the 2D carrier concentration can be modu-
lated without suppressing the mobility in the MOS-HEMT.

Next, we measured S of the MOS-HEMT as a function 
of Vg (Figure 3d). The observed S values are always negative, 
indicating that the channel is an n-type semiconductor. As Vg 
increases, |S| monotonically decreases from 490 to 90 µV K−1. 
The observed S values reflect a bulk-like energy derivation of the 
parabolic shaped density of states (DOS) of the conduction band 
near the Fermi energy. The observable S is roughly expressed 
as Sobs = (σs2DEG·S2DEG + σsBulk·SBulk)/(σs2DEG + σsBulk), where 
σs is the sheet conductance of each layer. In the present case, 
S2DEG dominates Sobs due to the relation of σs2DEG ≫ σsBulk.

Since the energy dependence of the DOS near the conduc-
tion band bottom for GaN is parabolic, the n dependence of 
S for electron-doped GaN bulk can be theoretically calculated 
using the following equations (2)–(4)[16]
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where m*, kB, T, h, ξ, Fr, and r are the DOS effective mass, 
Boltzmann constant, absolute temperature, Planck constant, 
chemical potential, Fermi integral, and scattering parameter of 
relaxation time, respectively. We used 0.19 m0

[17] as m* of GaN, 
where m0 is the free electron mass. Figure 4 shows the calcu-
lated S of bulk GaN as a function of the volume carrier concen-
tration (nv) at 300 K. For comparison, several reported S values 
of electron-doped GaN are also plotted (Brandt,[18] Sztein,[19] 
Nagase[20]). The calculated line completely reproduces these 
reported values. Thus, we used this S–nv relationship to calcu-
late the PF of the 2DEG layer.

The PF of the AlGaN/GaN 2DEG was calculated 
using the observed S, nv obtained from Figure 4, and the 
observed µFE (Figure 5a). A high PF of ≈9 mW m−1 K−2 with 
nv ≈ 2.5 × 1019 cm−3 is calculated in high-mobility 2DEG at 
the AlGaN/GaN interface at room temperature, which is an 
order magnitude greater than that of doped GaN bulk[19] and 
a two- to sixfold increase compared to those of state-of-the-art 
practical thermoelectric materials (1.5–4 mW m−1 K−2). The 

carrier mobility of AlGaN-GaN 2DEG at nv ≈ 2.5 × 1019 cm−3 is 
≈1500 cm2 V−1 s−1, which is an order magnitude larger than that 
of conventional impurity doped bulk GaN (≈125 cm2 V−1 s−1).

Finally, we would like to discuss the effective thickness (teff) 
of 2DEG at AlGaN/GaN. Figure 6a shows nv as a function of 
Vg. We defined teff as ns/nv as shown in the inset. teff dramati-
cally decreases from 20 to ≈2 nm with Vg when Vg < −6 V (sub-
threshold region), whereas it is almost saturated at a constant 
value (≈2 nm), which agrees well with the previously reported 
2DEG thickness,[21] when Vg > −6 V (Figure 6b). The thermal de 
Broglie wavelength (λD) of GaN is ≈10 nm, which can be calcu-
lated by the following equation

3 *
D

B

h

m k T
λ =

⋅ ⋅ ⋅
 (5)

In our result, teff strides over λD. Thus, an enhanced S 
can be expected because it is theoretically predicted that a 
quantum well narrower than λD will exhibit an enhanced S.[22] 
In the case of SrTiO3-based 2DEG, a V-shaped upturn of S is 
observed when the 2DEG thickness is narrower than ≈2 nm, 
clearly demonstrating the theory. However, such an S behavior 
is not observed in the present AlGaN/GaN 2DEG, indicating 
that any special effect of 2DEG does not contribute to the 
observed S.

In summary, we experimentally clarified that the high-
mobility 2D electron gas induced at an AlGaN/GaN 
heterointerface exhibits a high thermoelectric power factor PF 
of ≈9 mW m−1 K−2 at room temperature, which is an order 
magnitude greater than that of doped GaN bulk and a factor 
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Figure 4. Relationship between thermopower and volume carrier con-
centration (logarithmic scaled) of bulk GaN. Theoretically calculated S  
of electron-doped GaN with a parabolic-shaped energy dependence of 
DOS around the conduction band bottom (T = 300 K). Experimentally 
obtained values, which are reported by Sztein et al.,[19] Brandt et al.,[18] and 
Nagase et al.,[20] are plotted for comparison. Calculated line completely 
reproduces these reported values.
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of 2–6 compared to those of state-of-the-art practical thermo-
electric materials (1.5–4 mW m−1 K−2). Although the present 
AlGaN/GaN cannot be used as the thermoelectric generator 
because of its narrow thickness, the present high-mobility elec-
tron gas approach should open an avenue to further improve 
the thermoelectric performance of state-of-the-art thermoelec-
tric materials.

Experimental Section

Preparation of Al2O3/AlGaN/GaN MOS-HEMT: An Al0.24Ga0.76N 
(20 nm)/GaN (900 nm)/Fe-doped GaN (300 nm) heterostructure 
film grown on a semi-insulating (0001) SiC substrate via metal 
organic chemical vapor deposition was used. The sheet resistance, 
Hall mobility, and sheet carrier concentration were 423 Ω sq−1,  
1730 cm2 V−1 s−1, and 8.53 × 1012 cm−2, respectively, at room 
temperature. As an ohmic electrode, a multilayer consisting of 

Ti/Al/Ti/Au was deposited on the AlGaN surface and subsequently 
annealed at 830 °C for 1 min in N2 ambient. A 20 nm thick SiNx film 
was used as a surface protection layer to mitigate damage to the 
AlGaN surface during ohmic annealing.[15,23] After forming the ohmic 
electrode, the SiNx layer was removed in a buffered HF solution. An 
Al2O3 layer with a nominal thickness of 30 nm was then deposited on 
the AlGaN surface at 300 °C using an atomic layer deposition (ALD) 
system. Trimethylaluminum and water vapor were introduced into 
an ALD reactor in alternate pulse form as the aluminum and oxygen 
precursors, respectively. The deposition rate was 0.11 nm cycle−1. 
Finally, a Ni/Au (20/50 nm) gate electrode was formed on the Al2O3 
layer. To improve the Al2O3/AlGaN interface properties, the sample 
was annealed at 300 °C for 3 h in air under a reverse bias of −10 V.[24] 
The gate length (L) and width (W) of the MOS-HEMTs were 800 µm 
and 400 µm, respectively.

Measurements: The transistor characteristics of the AlGaN/GaN 
MOS-HEMT were measured using a semiconductor device analyzer 
(B1500A, Agilent) at room temperature in air. For the S measurements, 
two Peltier devices were used, which were placed under the MOS-HEMT, 
to generate a temperature difference between the source and the drain 
electrodes. Two thermocouples (K-type, 150 µm diameter, SHINNETSU 

Figure 5. High thermoelectric power factor of high-mobility 2DEG at 
AlGaN/GaN interface. Carrier concentration dependence of a) PF and 
b) carrier mobility (µ) for 2DEG GaN and conventional impurity doped 
n-type GaN. Maximized PF of the 2DEG with nv ≈ 2.5 × 1019 cm−3 is 
≈9 mW m−1 K−2 at room temperature, which is an order magnitude greater 
than that of doped GaN bulk[19] and a factor of 2–6 greater than that state-
of-the-art practical thermoelectric materials (1.5–4 mW m−1 K−2).

Figure 6. Effective thickness of 2DEG at the AlGaN/GaN interface. 
Changes in a) the volume carrier concentration (nv) and b) the effective 
thickness, which is defined as ns/nv, as a function of Vg. nv means the 
average volume carrier concentration of 2DEG as schematically shown 
in the inset of (a). Definition of the effective thickness is shown in the 
inset of (b).
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Co.), which were mechanically attached at both edges of the 2DEG 
channel, monitored the temperature difference (∆T, 0–1 K). The thermo-
electromotive force (∆V) and ∆T values were simultaneously measured 
at room temperature, and the slope of the ∆V–∆T plots yielded the 
S-values. The error of S should be less than 5%. Details of electric field 
modulated S measurement are described elsewhere.[14b–d]

Acknowledgements

H.O., S.W.K., and T.H. contributed equally to this work. H.O. was 
supported by Grants-in-Aid for Scientific Research on Innovative Areas 
“Nano Informatics” (25106007), Scientific Research A (17H01314) 
and B (26287064) from the Japan Society for the Promotion of Science 
(JSPS) and the Asahi Glass Foundation. T.H. was supported by 
Grants-in-Aid for Scientific Research on Innovative Areas (16H06421) 
and Council for Science, Technology and Innovation (CSTI), Cross-
ministerial Strategic Innovation Promotion Program (SIP), “Next-
generation power electronics” (funding agency: NEDO). S.W.K. was 
supported by the National Research Foundation of Korea Grant funded 
by the Korean Government (MSIP) (NRF-2015R1A5A1036133) and by 
Creative Materials Discovery Program through the National Research 
Foundation of Korea (NRF) funded by the Ministry of Science and ICT 
(NRF-2015M3D1A1070639).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

2D electron gas, AlGaN/GaN-MOS-HEMT, thermoelectric power factor

Received: October 7, 2017

Published online: November 24, 2017

[1] a) L. E. Bell, Science 2008, 321, 1457; b) G. J. Snyder, E. S. Toberer, 

Nat. Mater. 2008, 7, 105; c) C. B. Vining, Nat. Mater. 2009, 8, 83;  

d) T. M. Tritt, M. A. Subramanian, MRS Bull. 2006, 31, 188.

[2] a) K. F. Hsu, S. Loo, F. Guo, W. Chen, J. S. Dyck, C. Uher, 

T. Hogan, E. K. Polychroniadis, M. G. Kanatzidis, Science 2004, 

303, 818; b) B. Poudel, Q. Hao, Y. Ma, Y. C. Lan, A. Minnich, B. Yu,  

X. A. Yan, D. Z. Wang, A. Muto, D. Vashaee, X. Y. Chen, J. M. Liu, 

M. S. Dresselhaus, G. Chen, Z. F. Ren, Science 2008, 320, 634;  

c) S. Il Kim, K. H. Lee, H. A. Mun, H. S. Kim, S. W. Hwang,  

J. W. Roh, D. J. Yang, W. H. Shin, X. S. Li, Y. H. Lee, G. J. Snyder,  

S. W. Kim, Science 2015, 348, 109.

[3] H. J. Goldsmid, Electronic Refrigeration, Pion Limited, London, UK 

1986.

[4] A. Yamamoto, T. Noguchi, H. Obara, K. Ueno, in Proc. 23rd Int. 

Conf. Thermoelectrics, Adelaide, Australia  2005, 39.

[5] R. Hea, D. Kraemer, J. Mao, L. Zeng, Q. Jie, Y. C. Lan, C. H. Li, 

J. Shuai, H. S. Kim, Y. Liu, D. Broido, C. W. Chu, G. Chen, Z. Ren, 

Proc. Natl. Acad. Sci. USA 2016, 113, 13576.

[6] L. D. Zhao, G. J. Tan, S. Q. Hao, J. Q. He, Y. L. Pei, H. Chi, 

H. Wang, S. K. Gong, H. B. Xu, V. P. Dravid, C. Uher, G. J. Snyder, 

C. Wolverton, M. G. Kanatzidis, Science 2016, 351, 141.

[7] D. Y. Chung, T. Hogan, P. Brazis, M. Rocci-Lane, C. Kannewurf, 

M. Bastea, C. Uher, M. G. Kanatzidis, Science 2000, 287, 1024.

[8] D. M. Rowe, V. S. Shukla, N. Savvides, Nature 1981, 290, 765.

[9] M. Lee, L. Viciu, L. Li, Y. Y. Wang, M. L. Foo, S. Watauchi,  

R. A. Pascal, R. J. Cava, N. P. Ong, Nat. Mater. 2006, 5, 537.

[10] H. Ohta, S. Kim, Y. Mune, T. Mizoguchi, K. Nomura, S. Ohta, 

T. Nomura, Y. Nakanishi, Y. Ikuhara, M. Hirano, H. Hosono, 

K. Koumoto, Nat. Mater. 2007, 6, 129.

[11] K. Biswas, J. Q. He, I. D. Blum, C. I. Wu, T. P. Hogan,  

D. N. Seidman, V. P. Dravid, M. G. Kanatzidis, Nature 2012, 489, 

414.

[12] A. I. Hochbaum, R. K. Chen, R. D. Delgado, W. J. Liang,  

E. C. Garnett, M. Najarian, A. Majumdar, P. D. Yang, Nature 2008, 

451, 163.

[13] V. W. L. Chin, T. L. Tansley, T. Ostochan, J. Appl. Phys. 1994, 75, 

7365.

[14] a) K. P. Pernstich, B. Rossner, B. Batlogg, Nat. Mater. 2008, 

7, 321; b) H. Ohta, T. Mizuno, S. J. Zheng, T. Kato, Y. Ikuhara, 

K. Abe, H. Kumomi, K. Nomura, H. Hosono, Adv. Mater. 2012, 24, 

740; c) H. Ohta, Y. Sato, T. Kato, S. Kim, K. Nomura, Y. Ikuhara, 

H. Hosono, Nat. Commun. 2010, 1, 118; d) H. Ohta, Y. Masuoka, 

R. Asahi, T. Kato, Y. Ikuhara, K. Nomura, H. Hosono, Appl. Phys. 

Lett. 2009, 95, 113505.

[15] Y. Hori, Z. Yatabe, T. Hashizume, J. Appl. Phys. 2013, 114, 244503.

[16] C. B. Vining, J. Appl. Phys. 1991, 69, 331.

[17] V. W. L. Chin, B. Zhou, T. L. Tansley, X. Li, J. Appl. Phys. 1995, 77, 

6064.

[18] M. S. Brandt, P. Herbst, H. Angerer, O. Ambacher, M. Stutzmann, 

Phys. Rev. B 1998, 58, 7786.

[19] A. Sztein, H. Ohta, J. E. Bowers, S. P. DenBaars, S. Nakamura,  

J. Appl. Phys. 2011, 110, 123709.

[20] K. Nagase, S. Takado, K. Nakahara, Phys. Status Solidi A 2016, 213, 

1088.

[21] Y. C. Kong, Y. D. Zheng, C. H. Zhou, Y. Z. Deng, S. L. Gu, B. Shen, 

R. Zhang, R. L. Jiang, Y. Shi, P. Han, Phys. Status Solidi B 2004, 241, 

840.

[22] a) N. T. Hung, E. H. Hasdeo, A. R. T. Nugraha, M. S. Dresselhaus, 

R. Saito, Phys. Rev. Lett. 2016, 117, 036602; b) L. D. Hicks,  

M. S. Dresselhaus, Phys. Rev. B 1993, 47, 12727.

[23] Y. Hori, C. Mizue, T. Hashizume, Jpn. J. Appl. Phys. 2010, 49, 

080201.

[24] a) Z. Yatabe, J. T. Asubar, T. Hashizume, J. Phys. D: Appl. Phys. 2016, 

49, 3933001; b) S. Kaneki, J. Ohira, S. Toiya, Z. Yatabe, J. T. Asubar, 

T. Hashizume, Appl. Phys. Lett. 2016, 109, 162104.


