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Next generation Semiconductors
Conventional semiconductors
Si: Czochralski method

SiO2 + 2 C → Si + 2 COAt 1900 °C 

At 300 °C Si + 3 HCl → SiHCl3 (g) + H2

After purification: 99.9999999%

At 1100 °C SiHCl3 + H2 → Si + 3 HCl
Electronic grade silicon: 99.9999999%

III-V (GaAs): 
Metal Organic Chemical Vapor Deposition or 
Molecular Beam Epitaxy

~1400 °C

Solution-processed semiconductors
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 One of the successful examples at the 
early stage is the carbazole and benzothiadia-
zole (BT) based polymer ( PCDTBT ) reported 
by Leclerc et al. [  93  ]  The optical bandgap of 
this polymer is 1.88 eV with a low-lying 
HOMO energy level of −5.50 eV. Initial 
results of the photovoltaic devices showed 
a high V OC  of 0.89 V, a J SC  of 6.92 mA/cm 2 , 
a FF of 63%, and a PCE value of 3.6%. 
Later, Heeger et al. introduced a solution 
processed TiOx as the electron transport 
layer and optical spacer in the device and 
achieved a certifi ed PCE of 6.1% with higher 
J SC  over 10 mA/cm 2  and high FF of 66%. [  94  ]  
Recently, a PCE of  ∼ 7% has been achieved 
by device engineering, demonstrating the 
great potential of the carbazole based poly-
mers. [  95  ]  However, the bandgap of PCDTBT 
is still too large to harvest photons in the 
NIR region. To further lower the bandgap, 
cyclopenta[2,1-b;3,4-b′]dithiophene (CPDT) 
and dithieno[3,2-b:2′,3′-d]silole (DTS) units 
with stronger electron-donating properties 
were independently synthesized by Yang 
et al. and Brabec et al., respectively. [  96,97  ]  
The polymers  PCPDTBT  and  PSBTBT  show 
small bandgaps of  ∼ 1.5 eV due to the strong 
intra-molecular donor-acceptor interactions. 
Interestingly, the performance of PCPDTBT 
based devices can be enhanced signifi cantly 
by adding 3% 1,8-diiodooctane (DIO) as a 
processing additive to tune the morphology, 
whereas PSBTBT does not. [  98  ]  Both of them 
show PCE  ∼ 5% in a single junction device 
with photo-response up to 850 nm for PCP-
DTBT and 820 nm for PSBTBT. The major 
difference is that the C-Si bond is longer 
than the C-C bond. Consequently, less steric 
hindrance is created in the DTS core by the 
side chains, leading to a better  π − π  stacking 

and enhanced crystallinity. [  99  ]  Another important building 
block is diketopyrrolopyrrole (DPP), which was fi rst used in 
OPV in 2008 by Janssen et al. [  100  ]  The electron-withdrawing 
effect of the lactam units causes the chromophore to have 
a high electron affi nity and thus, it can be used as a strong 
electron-withdrawing unit. When polymerized with a thio-
phene unit via Suzuki cross-coupling, a low bandgap polymer 
 PDPP3T  was reported by Janssen et al. in early 2009. [  101  ]  The 
polymer shows bandgap as low as 1.31 eV and deep HOMO 
level of −5.17 eV. This low bandgap polymer showed a photo-
response up to 930 nm when combined with PC 71 BM, and 
EQE was around 35%. Good photovoltaic performance of 4.7% 
PCE with V OC  = 0.65 V, J SC  = 11.7 mA/cm 2 , and FF = 0.60 was 
achieved. Very recently, by increasing the molecular weight of 
PDPP3T and improving the thin fi lm morphology, PCEs over 
6% have been achieved. [  102,103  ]  These three polymers represent 
an important family of photovoltaic materials due to their rel-
atively small optical bandgaps, which are useful in a tandem 
solar cell device. 

quantum effi ciencies around 70%. [  89–92  ]  However, the main issue 
with P3HT is its quite large bandgap ( ∼ 1.9 eV) and high HOMO 
level, which lead to insuffi cient NIR photon absorption and low 
open circuit voltage of the corresponding devices. To harvest a 
greater part of the solar spectrum and provide as much V OC  as pos-
sible, narrowing the bandgap and down-shifting the HOMO level 
of the p-type materials (or up-shifting the LUMO level of the n-type 
materials) have become important topics for materials scientists. 

 To realize these goals, several synthetic strategies have been 
developed and proven to be very effective: (1) construct the 
backbone using alternating electron-rich (donor) and electron-
defi cient (acceptor) units to form the D-A co-polymers; (2) sta-
bilize the quinoid resonance structure; (3) incorporate strong 
electron withdrawing substitutes such as carbonyl group or fl u-
orine atoms; (4) attach conjugated side chains on the polymer 
main chains. The details can be found in recent reviews on the 
chemistry of the materials. [  31–34  ]  By using or combining these 
approaches, numerous new compounds have been designed 
and synthesized for OPV applications. 

      Figure 6.  Chemical structures of some high performance p-type materials including conjugated 
polymers and small molecules.   
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 A breakthrough in new material and high effi ciency single 
junction OPV device was achieved by joint efforts between Yu 
(U. of Chicago) and Li (Solarmer Energy Inc.). Yu fi rst reported 
the thieno[3,4-b]thiophene (TT) building block, which can sta-
bilize the quinoid structure to reduce the bandgap. [  104  ]  Yang 
et al. reported the application of the benzo[1,2-b;4,5-b′]dithio-
phene (BDT) unit in OPV materials. [  105  ]  When combining these 
two units together and adding a fl uorine atom on the TT unit 
to lower the HOMO level, from 2009 to 2010, Yu, Li and Hou 
et al. reported several high performing polymers, such as  PTB7  
and  PBDT-TT-CF . [  106,107  ]  They have similar bandgap of around 
1.6 eV and HOMO level of around −5.2 eV. The initial results 
were reported as 7.4% and 7.7% PCEs in single junction devices 
for PTB7 and PBDT-TT-CF, respectively. Recently, Hou et al. 
reported several modifi cation on this family (PBDTTT-C-T and 
PBDTTT-S-T) with with conjugated thiophene side chains on 
BDT unit. [  108  ]  Note worthy, this series of polymers set the mile-
stones of 7%, 8%, and even 9% PCEs, respectively (details will 
be discussed in the interface section), which greatly boosted the 
momentum in OPV fi eld. These polymers are still among the 

leading fi gures in single junction devices up to date. [  45  ]  Despite 
the high effi ciency of the BDT-TT based polymer, the tedious 
synthesis of the fl uorinated TT monomers does not make the 
cost very low. Later, another easily-synthesized strong electron 
acceptor unit, thieno[3,4- c ]pyrrole-4,6-dione (TPD), was reported 
by a number of groups. The fi rst polymer,  PBDT-TPD , was pub-
lished in 2010 by the Leclerc, Frechet, and Jen groups indepen-
dently. [  109–111  ]  The polymer shows a bandgap of 1.81 eV and 
very deep HOMO level of −5.57 eV. The initial device results 
differ from each group. The best one by Frechet et al. gave a 
J SC  of 11.5 mA/cm 2 , a V OC  of 0.85 V, a FF of 0.68 and a PCE of 
6.8%. To lower the bandgap of the TPD based polymers, Tao et 
al. copolymerized it with the DTS unit and obtained a polymer 
 PDTS-TPD  with bandgap of 1.73 eV and deep HOMO level. [  112  ]  
Higher PCE of 7.3% was achieved mainly due to a higher J SC  
compared to the PBDT-TPD based devices. Further optimi-
zation on this structure was reported by Reynolds et al., who 
replaced the silicon atom in the DTS unit with a germanium 
atom to form the dithienogermole (DTG) unit. [  113  ]  The new 
polymer  PDTG-TPD  shows slightly lower bandgap of 1.69 eV, 

      Figure 7.  Chemical structures of some high performance n-type materials including fullerene and non-fullerenes derivatives. 
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B800 nm, and EQE is over 60% from 710 to 820 nm.
Accurate tandem cell measurement is a quite complicated

procedure and extra care was taken to get reliable data48–50. EQE
results were first measured in University of California, Los
Angeles (UCLA)48, and the tandem devices were then measured
using the One-Sun Multi-Source Simulator (recently established
at National Renewable Energy Laboratory, (NREL)) based on
UCLA EQE data19. The spectral mismatches associated with the
re-measured EQEs and the simulator spectra were then
recalculated. The spectral mismatches were found to be o0.2%
different from those derived from the EQEs. The device structure,
J–V, and EQE curves of the tandem solar cells are shown in Fig. 6.
To fine tune the balance of short-circuit current, acceptor
materials with different absorption in the visible region (PC61BM
versus PC71BM) were used for the low bandgap subcell. For
simplicity, the corresponding devices are called Tandem 1
(PC61BM) and Tandem 2 (PC71BM), respectively. For the
device Tandem 1, it shows a VOC of 1.53 V, JSC of
10.1 mA cm! 2, FF of 68.5%, and the PCE is 10.6%. The
original I–V characteristic of the tandem 1 device as measured
by NREL is shown in Fig. 7. The EQE curves of the front and rare
cells measured at NREL are shown in Supplementary Fig. S5. For
the device Tandem 2, the device shows a slightly lower VOC of
1.51 V, JSC of 9.80 mA cm! 2, FF of 69.2% and 10.2% PCE. The
VOC’s of the tandem cells are almost equal to the sum of single
junction cells’ VOC, indicating the effectiveness of the
interconnection layer. For example, the VOC for the front
(P3HT:ICBA) and rear cell (PDTP-DFBT:PC61BM) are 0.84
and 0.70 V, respectively. The VOC of the tandem solar cell is
1.53 V, which is 0.01 V less than that of the front and rear cell
VOC combination. The difference may come from (a) the small
reisistance of the interconnecting layer, and/or (b) the slight VOC
drop of the rear cell as the light intensity on the rear cell in the
tandem configuration is weaker compared with one sun
illumination. Therefore, the VOC of the tandem solar cell are
almost equal to the sum of the single junction cells’ VOC,
indicating the effectiveness of the interconnection layer. The
slightly lower VOC in Tandem 2 with PC71BM also agrees well
with the single junction device data. The EQEs of the devices
Tandem 1 and 2 are shown in Fig. 6c. Using a different acceptor
for the rear cell of the tandem solar cell, the EQE of both cells can
be tuned. For the rear cell using PC61BM, the front P3HT cell
shows the higher EQE and a JSC of 9.8 mA cm! 2 derived from
EQE. The rear cell shows lower EQE in the visible region, with
well-matched integrated JSC of 9.8 mA cm! 2 too. For the device
Tandem 2, as PC71BM has strong absorption in the visible region,
the photons not being absorbed after passing the front cell will be
absorbed by the rear cell. Therefore, less photons (bounced back
from the metal electrode) will be absorbed by the front cell.
Accordingly, the EQE between 300 and 600 nm of the front cell
will be reduced and the rear cell EQE will be increased. In the
current case, after replacing the PC61BM with PC71BM in the rear
cell, the maximum EQE of front cell is reduced from 70 to 65%.
Finally, the integrated short-circuit current of the front cell is
9.5 mA cm! 2, whereas the integrated short-circuit current of the
rear cell is 10 mA cm! 2. Tandem solar cells’ current is usually
determined by the subcell with the lowest JSC (refs 11,18).
Therefore, although the device Tandem 2 shows excellent FF of
69.2% and VOC of 1.51 V, it shows a lower measured JSC of
9.8 mA cm! 2 and gives a PCE of 10.2%. It is clear that choosing
different fullerene derivatives to adjust current matching provides
an effective tool to tune the performance of tandem PSCs. For
each type of devices, we have tested about 100 devices, for the
Tandem 1 (P3HT:ICBA/PDTP-DFBT:PC61BM), the highest is
10.6%, and the average PCE is 10.4%; for Tandem 2
(P3HT:ICBA/PDTP-DFBT:PC71BM), the highest PCE is 10.2%,

and the average is 9.9%. These results show our devices have
excellent reproducibility. In the present work, the PC61BM allows
better decoupling of the two cells, which could make the tandem
solar cell optimization easier. The successful application of
PC61BM to achieve high-performance tandem cells also has the
benefit of reducing the materials cost of PSCs47.

Discussion
To systematically study the current match effect on the
performance of the tandem solar cells, the thickness of the active
layer and the choice of fullerene has been changed to tune the JSC
of front and rear cells, the FF and the front and rear cell JSC ratio
(JSC, rear/JSC, front) are shown in Fig. 6d (VOC does not change with
the active layer thickness and acceptor). The JSC’s are derived
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results were first measured in University of California, Los
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J–V, and EQE curves of the tandem solar cells are shown in Fig. 6.
To fine tune the balance of short-circuit current, acceptor
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well-matched integrated JSC of 9.8 mA cm! 2 too. For the device
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the photons not being absorbed after passing the front cell will be
absorbed by the rear cell. Therefore, less photons (bounced back
from the metal electrode) will be absorbed by the front cell.
Accordingly, the EQE between 300 and 600 nm of the front cell
will be reduced and the rear cell EQE will be increased. In the
current case, after replacing the PC61BM with PC71BM in the rear
cell, the maximum EQE of front cell is reduced from 70 to 65%.
Finally, the integrated short-circuit current of the front cell is
9.5 mA cm! 2, whereas the integrated short-circuit current of the
rear cell is 10 mA cm! 2. Tandem solar cells’ current is usually
determined by the subcell with the lowest JSC (refs 11,18).
Therefore, although the device Tandem 2 shows excellent FF of
69.2% and VOC of 1.51 V, it shows a lower measured JSC of
9.8 mA cm! 2 and gives a PCE of 10.2%. It is clear that choosing
different fullerene derivatives to adjust current matching provides
an effective tool to tune the performance of tandem PSCs. For
each type of devices, we have tested about 100 devices, for the
Tandem 1 (P3HT:ICBA/PDTP-DFBT:PC61BM), the highest is
10.6%, and the average PCE is 10.4%; for Tandem 2
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and the average is 9.9%. These results show our devices have
excellent reproducibility. In the present work, the PC61BM allows
better decoupling of the two cells, which could make the tandem
solar cell optimization easier. The successful application of
PC61BM to achieve high-performance tandem cells also has the
benefit of reducing the materials cost of PSCs47.
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To systematically study the current match effect on the
performance of the tandem solar cells, the thickness of the active
layer and the choice of fullerene has been changed to tune the JSC
of front and rear cells, the FF and the front and rear cell JSC ratio
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Efficiency = 10.6%



Halide perovskite — (CH3NH3)PbI3
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+… 

B : Pb2+, Sn2+, Ge2+… 
X : Cl-, Br-, I-…
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PCE > 20%



Halide perovskite — (CH3NH3)PbI3

1 µm

• More well-defined and less defects
• Control the properties through controlling dimensionality

J. You, Y. Yang et al., Nature Nanotech. 2015



Halide perovskite nano structures

M. Kovalenko et al., Nano Lett. 2015, 15, 3692

Nonconventional 
Synthesis

New Nanoscale 
Morphology (1D,2D)



CsPbBr3 Nanowire growth
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Summary	of	CsPbBr3	Nanostructures

Ultrathin	(3	nm)	NWs

Nanoparticles

Nanoplatelets

10	nm	thick	NWs

D. Zhang et al. JACS 2016 138, 13155

14

Colloidal	Synthesis	of	CsPbBr3

Initial	results:	Dots	+	Sheets	+	Wires

D. Zhang et al. JACS 2015, 137, 9230

100	nm

Method:

PbBr2 was	dissolved	in	
oleylamine at	130	°C

Cs2CO3 in	oleate acid	
was	injected

D. Zhang et al. JACS 2016 138, 13155



Nanowire growth
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Colloidal	Synthesis	of	CsPbBr3

Initial	results:	Dots	+	Sheets	+	Wires

D. Zhang et al. JACS 2015, 137, 9230
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Method:

PbBr2 was	dissolved	in	
oleylamine at	130	°C

Cs2CO3 in	oleate acid	
was	injected

Lower Temperature

Higher Temperature



Nanowire growth

S. Eaton, S. Leone, P. Yang et al. Proc. Natl. Acad. Sci. 2016, 113, 1993

CsX
PbX2

CsPbX3

19

CsBr	Methanol	

Glass
PbI2
Glass

CsPbBr3

Mild	heating

S. Eaton, M. Lai, N. Gibson, et al. Proc. Natl. Acad. Sci. 2016, 113, 1993

Substrate-Crystallization	Method
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CsPbBr3 CsPbI3CsPbCl3

10	μm 10	μm



Optical Property

CsPbBr3 nanowire
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CsBr	Methanol	

Glass
PbI2
Glass

CsPbBr3

Mild	heating

S. Eaton, M. Lai, N. Gibson, et al. Proc. Natl. Acad. Sci. 2016, 113, 1993

Substrate-Crystallization	Method
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Optically driven CsPbBr3 NW laser

52

Optically	driven	Lasers	of	CsPbBr3 NWs

S. Eaton, M. Lai, N. Gibson, et al. Proc. Natl. Acad. Sci. 2016, 113, 1993

Scale bars:	2	μm

In collaboration with Steve Leone



53

Optically	driven	Lasers	of	CsPbBr3 NWs

• Low	threshold	~	5μJ	cm-2

• Multi-mode	emissions
• Carrier	lifetime	shortened	under	

lasing	condition

Optically driven CsPbBr3 NW laser

S. Eaton, S. Leone, P. Yang et al. Proc. Natl. Acad. Sci. 2016, 113, 1993
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Stability	of	CsPbBr3 NWs Lasers

S. Eaton, S. Leone, P. Yang et al. Proc. Natl. Acad. Sci. 2016, 113, 1993

CsPbBr3 NW laser stability



Composition Tuning via Anion Exchange

29

Composition Tuning via	Anion Exchange

F. Gao et al. J. Mater. Chem. C, 2016, 4, 3898



Localized anion exchange

Single nanowire 
coated with PMMA

e-beam lithography 
to create an opening

Anion exchange to create 
a heterojunction Remove coating

CsPbBr3 CsPbCl3

Cl- Br-
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SEM-EDX mapping
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AFM-KPFM study
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Electronic	Structure	of	the	Heterojunction

AFM	profile

KPFM	profile



a b c

d e f

g

h

i j

k l m

L. Dou, N. S. Ginsburg, P. Yang et al, PNAS 2017All scale bars are 3 µm



Summary for nanowires

❖ Colloidal synthesis of ultra thin CsPbBr3 nanowire
❖ Substrate - crystallization approach to synthesize CsPbX3 nanowire
❖ Optically - driven CsPbBr3 nanowire laser
❖ CsPbX3 nanowire heterojunction via localized anion exchange

10 µm 10 µm



2D sheet growth

(C4H9NH3)2PbBr4



1. Dissolve stoichiometric PbBr2:C4H9NH3Br = 1:2 in DMF
2. Dilute with  DMF, chlorobenzene, and acetonitrile; concentration ~0.05%
3. Drop casting on SiO2 substrate under mild heating (70~80 ℃)

Substrate (SiO2, Si, Mica, etc.)

2D sheet growth



1. Dissolve stoichiometric PbBr2:C4H9NH3Br = 1:2 in DMF
2. Dilute with  DMF, chlorobenzene, and acetonitrile; concentration ~0.05%
3. Drop casting on SiO2 substrate under mild heating (70~80 ℃)

Substrate (SiO2, Si, Mica, etc.)

2D sheet growth
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Optical images
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2D sheets lattice constant: a = 8.45 Å, b = 8.67 Å
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TEM characterization

Bulk: a = 8.22 Å, b = 8.33 Å



Single sheet PL study
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L. Dou, A. Wong, Y. Yu, P. Yang et al. Science 2015, 349, 1518

(C4H9NH3)2PbCl4 (i), (C4H9NH3)2PbBr4 (ii), (C4H9NH3)2PbI4 (iii), 
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Composition and color tunability

i

ii iiiiv

350 400 450 500 550 600 650 700 750 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2
PL

 In
te

ns
ity

Wavelength (nm)

 

 

vvi i ii iii

viiv v

2 µm



Summary for 2D structures

❖ Substrate-guided solvent evaporation method to grow atomically-
thin 2D perovskites

❖ Weak electronic coupling between layers
❖ Tunable optical properties by varying inorganic and organic parts
❖ Electron transport properties to be explored more



Phase transition of CsPbI3

40

Rich	Phase	Diagram	of	CsPbX3

A. Walsh et al. Phys. Rev. B 2015, 91, 144107

Thermodynamically 
stable at RT

(CH3NH3)PbX3                            CsPbX3



Optical properties of CsPbI3

How to make solar cells? 

Heated up to 320 C and quench to RT



Phase transition of CsPbI3

Heating (300 C)

Moisture

CsPbI3
reversible transition

Transparent state Photovoltaic state

Smart PV windows

(CH3NH3)PbI3                            CsPbI3

Thermodynamically unstable at RTThermodynamically stable at RT



Device performance

J. Lin, M. Lai, L. Dou, P. Yang et al. Nature Materials 2018



Reversibility

J. Lin, M. Lai, L. Dou, P. Yang et al. Nature Materials 2018





Summary
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Synergistic interests with BNC 

Scalable Manufacturing of Aware and Responsive Thin Films Nanophotonics and Quantum Optics

Nanoelectronics and Semiconductor Devices Energy Conversion and Heat Transfer
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