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Hot Cold

The thermoelectric effect: 
Using a temperature difference to create electric current

Electric current



Gas flame > 1000 C

Shower: 40 C
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Thermoelectrics

Q (Heat)

Current IR

•  Low parasitic heat conduction by electrons (κel) and phonons (κph).

•  High Seebeck coefficient S = ∆V/∆T

•  Little Joule heating (high conductivity σ)

   Figure of merit:

€ 

Z =
S2σ

κe +κ ph

Power factor

Desired is ZT > 3.
Most materials have ZT << 1.  Commercial thermoelectrics have ZT ≈ 1
Record for bulk materials is ZT ≈ 2.6 (SnSe at 650 C)  



Why nano-thermoelectrics?

€ 

Z =
S2σ

κe +κ ph

PHONONS

Phonon confinement:
Tune phonon DOS and dispersion 
function

Phonons scatter off interfaces

Superlattice Nanocrystalline materials

Nanowires

Random stacking (Johnson group) Review: Dresselhaus et al, Adv. Materials 19, 1043 (2007)

Electron quantum confinement:
Optimize electronic properties

ELECTRONS

?



The “best thermoelectric”
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Z =
S2σ

κe +κ ph

Figure of merit



Fundamental elements of thermoelectrics

?

Energy filter

A cold electron 
reservoir

A bias voltage 
to do work against.

A warm electron 
reservoir



Classic, cyclic Carnot engine:
Working gas (WG) in contact 
with only one heat reservoir 
at a time.

Fundamental efficiency limit of thermoelectrics?

HOT COLDe-
Thermoelectric:
In contact with both reservoirs 
at all times.
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Thermovoltage!
(Seebeck effect)

Using a quantum point contact:
Molenkamp et al., PRL 65, 1052 (1990)

For the next few slides, S is the entropy (not Seebeck coefficient...)
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Driven electrical current is accompanied by dissipation of kinetic energy: Pel = I V

…accompanied by an increase of the system entropy.
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Transfer of one electron 
at energy ε from L to R:

T. E. Humphrey and H. Linke, PRL 89, 116801  (2002)

“Energy-specific equilibrium”

Reversible electron transfer

TRTL

T. E.  Humphrey, H Linke,  PRL 94, 096601 (2005)
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Efficiency at maximum power: 
Curzon-Ahlborn efficiency

Carnot efficiency requires reversible operation, 
which is equivalent to zero power output.

Curzon-Ahlborn efficiency describes the efficiency of 
an ideal Carnot engine operated at maximum power
(neglecting dissipation in reservoirs)

F. Curzon and B. Ahlborn, Am. J. Phys. 43, 22 ︎1975︎.   



Esposito, Lindenberg, van den Broeck,   PRL 102, 130602 (2009)





Quantum dots

•  Carnot efficiency obtained when transmission resonance becomes delta-function like. 

•  In this limit, efficiency at “maximum” power is                     )     = 51. 1%  

•  Increasing transmission width increases power at reduced efficiency.

Curzon-Ahlborn 
value: 51.1%

N. Nakpathomkun, H. Xu, H. Linke
Phys. Rev. B 82, 235428   (2010)
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1D - 0D -1D resonant tunneling in a 
heterostructure nanowire.

kx

ky, kz quantized kx quantized

40 nm

Energy-filtering using nanowires



InPInAs

Epitaxially grown nanowires, e.g. InAs/InP   

TBAs (group-V)

TMIn (group-III)

Substrate surface 
InAs (111)B

Ann Persson, Linus Fröberg

CBE
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Quantum dot energy level spectroscopy

µS µD
Vgate

Vbias

µS

µD

∆E/e

Energy level spacing ∆E:   
 • confinement energy 
 • single electron charging energy e2/2C

∆E

µS µD



N = 1

N = 2

N = 3

N = 4

T = 0.3 K

Eric Hoffmann

15 nm

50 nmInAs InAs

5 nm InP



Thermovoltage data

Vth > 0

Vgate

Vth

Vth < 0



Top-heaters to enable high ∆T  
with minimal heating

J.	  Gluschke	  	  et	  al	  
Nanotechnology	  25,	  385704	  (2014)



Quantum-dot heat engine: device

A. Svilans,  
M. Josefsson,  
M. Leijnse, et al.  
  arXiv:1710.00742

Artis Svilans



Quantum-dot heat engine: 
characterisation

A. Svilans,  
M. Josefsson,  
M. Leijnse, et al.  
  arXiv:1710.00742

Martin Josefsson

Artis Svilans



Quantum-dot heat engine:  
performance

Pmax



Quantum-dot heat engine:  
performance

A. Svilans, M. Josefsson, M. Leijnse, et al. arXiv:1710.00742

Quantum-dot heat engine achieves Curzon-Ahlborn efficiency at maximum power 
and about 70 % of Carnot efficiency with finite power output
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Conventional, single-junction silicon solar cell at short circuit

Electron Collector: 
• Phosphorus doped 
• n-type Silicon

Hole Collector: 
• Aluminium doped 
• p+ Silicon

Absorber: 
• Boron doped 
• p-type Silicon

Figure not to scale.
100 to 300 µm



    L. C. Hirst and N. J. Ekins-Daukes,  
     “Fundamental losses in solar cells,”  
      Progr. in Photovolt.: Res. Appl., 19 286–293 (2011)

• Carrier cooling decreases the energy 
each carrier can provide to an 
external circuit. 

• pn-junction solar cells of small 
bandgap materials are rarely made 
due to the magnitude of 
thermalisation losses.

Eg



M. A. Green, Third Generation Photovoltaics. Heidelberg: Springer, 2006.

Time scale of pn-
junction solar cell 
carrier collection.

Targeted time scale for 
carrier collection in this 
work



Basic idea of a hot-carrier cell: 
photothermoelectrics

Thermoelectric 
system for  
electrons

Thermoelectric 
system for  

holes



Can a hot-carrier photovoltaic  
system be run reversibly? 



∆S = 0 when 

(equivalent to energy-specific equilibrium across both junctions)



Open-circuit voltage

Explicit term describing the 
reduction of voltage due to 

irreversibility

Heat engine Solar cell

S. Limpert, S. Bremner, H. Linke,
 New J. Phys. (2015)

Steven Limpert



Key results from theory 

• In principle, there is one operation point (V, T1, T2)  
where a hot-carrier solar cell (solar cell plus two 
energy filters) can be operated reversibly. 

• The achievable open-circuit voltage is higher than 
that of a single pn-junction. 



Basic idea for hot-carrier
experiments
Heterostructure nanowire with small band gap and high 
electron-hole mass asymmetry (e.g. InAs/InP)

Local light absorption  
(photonic hot spot)

Energy filter (or 
thermionic 

barrier) for hot 
electrons

Block for holes 
(high mass -> 
small kinetic 

energy)



III-V nanowires 
and photonic behaviour

E.g. InAs, GaP, InP, GaN,…
P. M. Wu, N. Anttu et al. 
Nano Letters 12, 4 (2012)



InP-nanowire solar cell

J. Wallentin,.... , L. Samuelson 
Science 339, 1057 (2013) 

(1000 W/m2) illumination, measured in ambient
air at the Fraunhofer ISE CalLab reference setup,
our best cell (from sample A) shows a conversion
efficiency h = 13.8% and a photocurrent density
Jsc = 24.6 mA/cm2. Because our calculation of
Jsc accounts for the full (unmetalized) cell area
rather than the NW surface coverage only, it can
be compared with that of the best reported pla-
nar InP cell [Jsc = 29.5 mA/cm2 (15, 16)] and the
theoretical limit of 34.5 mA/cm2 [assuming that
each incident photon with energy above the InP
band gap generates one electron-hole pair (19)].
Thus, our cell reaches 83% of the best reported
planar Jsc despite covering only 12% of the sur-
face area. Our axially defined NW solar cell out-
performs similar cells based on core-shell NWs

with a surface coverage of 27% (9), as well as sev-
eral other next-generationPVarchitectures (Table 1).

Our results demonstrate that ray optics is not
appropriate for describing the interaction of light
with these subwavelength structures, because the
maximum Jsc in the ray optics picture, 4.2 mA/cm2

(12% of the theoretical limit, 34.5 mA/cm2), is
almost six times lower than the Jsc of our best
cell. Alternatively, a hypothetical calculation on
the single-NW level, using theNWcross-sectional
area, would give a physically impossible efficien-
cy above 100%. Thus, light that would travel be-
tween the NWs in a ray optics description was
absorbed efficiently in the experimental cell.

To more accurately study the absorption of
light in the NW solar cell, we used full 3D electro-

magnetic optical modeling (figs. S1 to S3) (20).
The validity of our approach is confirmed by com-
paring the calculated absorptance spectrum of
the NWs in the record cell and its measured ex-
ternal quantum efficiency (EQE) (Fig. 2A). The
values and general trends of these two spectra
agree well, although the calculated absorptance
is greater than the measured EQE throughout the
spectrum. This discrepancy can be attributed to
the absorption modeling not taking into account
any carrier losses. We also show the measured
EQE of a 130-nm-diameter NW solar cell (sample
D) (blue solid line in Fig. 2A) and note that the
EQE increases slowly above the band gap energy
(925 nm in wavelength). The relatively weak cou-
pling leads toweak absorption of long-wavelength
photons into these small-diameter NWs (21).

We identified two key design parameters that
influence the performance of our solar cells: the
NW diameter and the length of the top n-segment.
We show (Fig. 2B) the calculated absorption ver-
sus NW diameter assuming a constant NW length
(1.4 mm) and array pitch (470 nm). The absorption
increases with increasing diameter until it saturates
around 180 nm, in line with previous modeling
of unprocessed NW arrays (10). Experimental-
ly we also saw improvement in the measured
average Jsc from 14.0 mA/cm2 (sample D) to
17.4 mA/cm2 (B) when increasing the diameter
from 130 to 180 nm for the same n-segment
growth time of 3 min. To reach the highest Jsc
(sample A), we also shortened the n-segment as
described below. For the 180-nm diameter, the
remaining 7% of the available sunlight (red area
in Fig. 2B) could in principle be captured by in-
creasing the NW length. In this work, we chose
to keep the length as constant as possible in order
to investigate other parameters.

The second key design parameter is the length
of the top n-segment. The 3D simulations indicate
that the strongest optical generation of carriers
occurs near the top of theNWs (Fig. 3A). Because
of the high doping, the recombination losses in
the top n-segment are expected to be high. We
experimentally varied the n-segment growth time
(Fig. 3B) and found that reducing the nominal
n-segment length from 180 (sample B) to 60 (A)
nm increased the average Jsc by 39%. Conversely,
an increase to 360 nm (sample C) reduced the
average Jsc by 34%. These three samples are also
indicated in Fig. 2B, showing that the reduction
in n-segment length actually increased Jsc more

Fig. 1. Characterization of NW-array solar cells: (A) 0° and 30° (inset) tilt scanning electronmicroscopy (SEM)
images of as-grownNWs with a surface coverage of 12%. (B) SEM image of processed NWs. The superimposed
schematics illustrate the silicon oxide (SiOx, blue), TCO (red), and the p-i-n doping layers in the NWs. (C) Optical
microscope image of NW solar cells. The dashed red line highlights the border of a 1-mm-by-1-mm cell. (Inset)
A sample with four-by-seven cells. (D) The 1-sun J-V curve for the highest-efficiency cell (sample A).

Table 1. A comparison of the performance of InP PV architectures, as well as reported efficiencies of selected next-generation PV architectures, under
1-sun illumination. The listed devices show variation in cell area and measurement conditions.

Active area coverage (%) Relative active volume (%) Jsc (mA/cm2) Voc (V) Fill factor (%) Efficiency 1 sun (%)

Axial InP NW - this work, A 12 5 24.6 0.779 72.4 13.8
Sample E 11 5 18.2 0.906 78.6 13.0
Planar InP (15, 16) 100 100 29.5 0.878 85.4 22.1
Core-shell InP NW (9) 27 14 13.7 0.43 57 3.37
Dye-sensitized (27) 100 17.66 0.935 74 12.3
Organic (16) 100 10.08 1.53 68.5 10.6
Colloidal quantum dot (28) 100 20.1 0.605 58 7.0

1 MARCH 2013 VOL 339 SCIENCE www.sciencemag.org1058
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Use of photonic 
“antenna” effects 
enables 13.8% 
efficiency at about 12 % 
area coverage



High, achievable nonequilibrium 
carrier temperature in NWs

Tedeschi et al.
Long-Lived Hot Carriers in III–V Nanowires 
Nano Letters 16, 3058 (2016) 

Steady-state PL measurements reveal “hot” carrier temperatures up 
to > 150 K above the lattice temperature for 50-nm thick nanowires 



Device

CBE grown InAs/InP/InAs nanowire



Operation principle



Wavelength-sensitivity 
(Double-barrier device)

S. Limpert et al,  Nano Lett. 17, 4055 (2017)

Model

Experiment



Photovoltaic power production 
(without pn-junction!)

Eg of WZ InAs 
 ≈ 0.39 eV

S. Limpert et al,  Nano Lett. 17, 4055 (2017)

Single-barrier (thermionic) device



Thermionic interpretation

Thermionic interpretation:  

Voc = (k/e) (2+ Ebarrier/kT) ∆Tcarrier 

Voc ≈ 0.35 V is consistent with ∆Tcarrier ≈ 170 K

Since ∆T in this interpretation is the carrier temperature,
phonon-mediated heat flow is irrelevant to the efficiency analysis.

Ebarrier



Controlling the  
light-absorption hot spot
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Why can this work? 
Isn’t thermoelectric energy conversion 
inefficient?
Standard thermoelectrics:
Heat source heats phonons, who then heat electrons. 
Phonon-mediated heat flow is a major energy loss.  

Hot carrier solar cell / Photothermoelectrics:
Photons heat carriers. In the best case scenario, carriers are separated 
before they heat the phonons, eliminating phonon-mediated heat flow  

Qphonon



Summary

• Quantum dot heat engines realised with > 70% of Carnot 
efficiency 

• There is no fundamental limit to the efficiency of an ideal hot-
carrier solar cell other than the Carnot limit (even though 
there are many potential practical limitations). 

• Nanowires are promising candidates for hot-carrier cells 
because 

• photonic or plasmonic hot spots; 
• high carrier temperatures under steady-state illumination; 
• heterostructures can be used for thermionic power 

generation; 

• Power conversion with high Voc observed 
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