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4.1. Semiconductor heterostructures

it does not involve at
pbmponent of the device
provides a supporting role
terial). The behavior or function of the
hcal quantity called band offset that
band alignment between the two
materials. The significancg fset is"well highlighted by H. Kroemer’s
Lemma of Prov, ? ‘It you cannot draw an Energy Band
Diagram, this sh hat'you are talking about”, because the band
offset is the key 1
accurate info ; Dand’offset between two materials of interest is not

We can hardly find one functional semicondu®o
least one hetero-junction that either serves as an a
(e.g. a charge separating interface i

¢, which most of the time agree qualitatively but not
quantjt@vely TV AN Q@1 LO9]. Uncertainty in the order of tens to one hundred meV
i tefials. However, it has been well established that there are
pes of band alignments as depicted in Figure 4.1: type L, type 1I(a) and

etz and AE, = Eypyy — Eveao, AE. and AE, will have opposite signs for
same signs for types Il(a) and II(b). The difference between type 1I(a) and

Chapter written by Yong ZHANG.
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86 Wide Band Gap Semiconductor Nanowires 2

type 1I(b) lies in that in type II(b) the CBM of one of them is so low that it is even
below the VBM of the other material.

VB
Type I: Straddling Type Il (a): Staggered Type Il (b): Broken Ga
Figure 4.1. Three basic types of hetero-junction band aligx
The best known example for type I is perhaps GaAs/AlGaAs 1 ich

expected to stop both the electron and hole respectivel ar the CBM and
VBM to enter AlGaAs because of the barriers for_bo

If they are doped in opposite types, we will hav®a
which both barriers are increased from the respectiv ¥ when the materials are
un-doped. For type Il(a), the electron hole will n0™¥ally be separated into two
¢ hole in the'right for the arrangement
1 junetion, but without the need for
rofi and hole tend to be separated.
upicdgvalence band of the material to the
the empty conduction band (CB) of the
omythe higher VBM side to the CBM of the
Fthsmaterials are un-doped and without external
vention defining the bandgap as the energy difference
likesband edge and the highest occupied p-like band
edge, w the type I1(b) heterostructure has a negative bandgap as a
nmicnt has been widely used in light-emitting devices such

WCture p—n junction in

doping. For type II(b), as in type
However, because the origg

right now has it VBM

material to the h cha
other material may
excitation. If f i

s/AlGaAs with the intent to contain the injected carriers, electrons and
tive layer of GaAs to promote radiative recombination. Type II(b)
ent’has been found useful in the form of a super-lattice, such as a
Etructure of InAs/GaSb with a few nm thick for each layer, as the active
W an IR detector in mid-wave or long-wave spectral ranges. The quantum
confingment of GaSb to the electron in InAs and of InAs to the hole in GaSb will
incréase the bandgap of the type II(b) system from a negative value (when the layers
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are thick) to in principle any desirable small but positive bandgap. However, type

II(a) band alignment has not been recognized to have any significant application in
semiconductor technologies.
4.2. Type II heterostructures

qualitatively resembles a p—n junction, i.e. electrons will tend to follow or g
left side of the junction, and holes on the right side. In short, if has thq
separate the electron and hole. In principle, this is a much m
junction than a p-n junction. The width of a p—n junction is

than few tens of nm in a semiconductor, at which
significant. Perhaps due to the huge success of_all ction-based
has not been

explored substantially. Given the importan
semiconductor devices and the great interest in
the type 1I(a) junction should be given more atten
generation nanotechnologies.

(WhicOonductor devices,
¢ €xploration of future

ofganic materials where doping is
generally found very challg nic solar cell (often known as bulk hetero-
junction solar ce Ydye-sensitized solar cell (DSSC)[GRA
05]. There are icgvariations of DSSC: (1) extremely thin
absorber (ETA) s l/and (2) quantum dot-sensitized solar cell
(QDSSO) [YU, etails] we refer to Chapter 10). We note that in all

r bafidgap component, for instance the dye molecule,
lightsabsorber, whereas the other component with a larger

ybcaking, the DSSC, of which the name was probably given based on the
enorghological observation of the sensitization effect, should really be called a
ar’ cell” in the same sense we would call a GaAs solar cell with a doped
AlGaAs§ clectrode layer a “GaAs solar cell” rather than a “GaAs-sensitized solar
cell?” This clarification is not meant to suggest the need to change the names for
these well-known technologies but to offer the necessary context for introducing an
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88 Wide Band Gap Semiconductor Nanowires 2

all-inorganic type II(a) solar cell technology that is distinctly different from ETA
cell and QDSSC. In contrast to BHJSC, DSSC, ETA cell and QDSSC where the
Eprr of the device is determined for all practical purposes by the bandgap of the
lower bandgap material, the Eprr for an IR detector based on the InAs/GaSb type
II(b) super-lattice is determined jointly by the clectronic structures of the two
components and can be much smaller than any of the individual bandgaps. Althou
the wave functions of the electron and hole are respectively more localized in I

and GaSb, there is sufficient overlapping that can offer decent strength abgassad

below the bandgaps of the individual component:
weak and thus would not make any meaningful contri¥ ¢'the device [CLA 10].

The focus of this chapter is tg ach that employs two large
bandgap materials with type 11 ent#to achieve near-IR or visible
photo-response threshold thaisd i ergy applications, such as solar

cell and photo-chemical W ctronic applications [ZHA 07]. The
material combi?ions ¢

Zn0O/ZnSe, ZnO/
components would igble to efficiently capture the solar spectrum.

include GaN/GaAs, ZnO/CdSe, ZnO/CdTe,

of the three types most likely will have rather poor electronic conductivity along
the stacking direction, unless the layers are made extremely thin, for instance, down

You created this PDF from an application that is not licensed to print to novaPDF printer (http://www.novapdf.com)



http://www.novapdf.com

ZnO and GaN Nanowire-based Type Il Heterostructures 89

to a few mono-layers. Unfortunately in most practical applications, many
mono-layers are required, including the example using type 11(b) InAs/GaSb super-
lattices for IR detection. Therefore, a compromise has to be made between optical
absorption and clectronic conductivity. An ideal situation would be having the
super-lattice stacking direction perpendicular to that of the growth which is also
normally the preferred direction of the electronic transport. In this way, the electr
and hole can be scparated laterally with short-traveling distances and extract
vertically without being blocked by the other layer. Furthermore, becagas
electron and hole are quickly separated spatially, the recombination losg
reduced significantly. This idea can in principle
generating lateral composition modulation, which has been o
strained I1I-V alloys [MIL 97]. However, such spontancously gen!
tends to have a relatively low degree of structural perfection.

\

p-type electrode

n- type electrode

opted mitigation to the lateral transport loss (also known as sheet
loss) is the use of a fingered electrode on the side of the device for cither

to-detectors. A more sophisticated scheme has been developed for Si solar cells
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90 Wide Band Gap Semiconductor Nanowires 2

to improve carrier collection: an array of inter-digitated back-contact function as
quasi-lateral p—n junctions [SWA 86]. A quasi-one-dimensional (1D) system
can take this idea one step further, which offers the possibility of exploring quantum
effects and new functionalities in reduced dimensionality and novel device
geometries, and material properties tailored to specific applications [ZHA 07]. It has
been well established that for a semiconductor material with a given density of nog-
radiative centers, by restricting the carrier motion sequentially to more spa
dimensions, the non-radiative centers become progressively less effective [ZEd
However, for the applications where carrier conductivity is required,
come to the conclusion that the quasi-1D is the optimal dimensiogali
rivals many living or naturally occurring systems where energy tr
occurs through a conduit in the form of a “fiber” or “tube.” A

with contact grid lines or the back-contact cell. The m
solar cell lies in that the electron—hole separation cgg

charge separation in an NW sol
type 1I(a) core—shell structure [Z

function in the mesoscopigfta e cly large NWs), but only the latter
can remain fun*bnal i " Additionally, an NW array may also
provide the funcliogali i ipg, and thus is capable of simultancously

serving three key 1 il nergy production: light trapping, energy
conversion a i ications, the quasi-1D systems could be useful

copé—shell NW array structure can in fact be envisioned for the type II(b)
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heterostructure with IR detection application in mind. Since our focus is on the type
II(a) heterostructure with large bandgap materials for PV-related applications, from
now on we simply refer to type I(a) as type IL

4.4. Electronic structure of type II core—shell nanowires

On a qualitative level, we could estimate the type II transition energy ugid
information of the bulk band alignment and taking into account the possg »
effect. The band diagrams for three systems: GaN-GaP, ZnO-Z

are shown in Figure 4.3 [ZHA 07, WAN 08]. Qualitatively speaki
the type II bandgap of ZnO—-ZnSe combination should be

GaN-GaP.
‘\

GaN GaP Ha0 Zn0 ZnTe

4] Zno ZnSe
e
3] CBM
24
2 Y ] I = S
5 T \ [ 1.84
--+- 1.23 0.95
04 0.87\_1_ b i % E SR VEM_
o o Hz°’°z
14 ”] o 2] vem I """

with natural
GaP, ZnO

ines with average lattice constants between GaN and
ZnTe. Adapted from [ZHA 07,WAN 08]. For a color

ctures of type II core—shell NWs were investigated using a
cory for GaN-GaP and ZnO-ZnSe with the bandgap error due

ew bandgap that is much smaller than any of the components, and shows
feature of the type II alignment — the CBM and VBM are located
ectively in the core and the shell. For instance, for an NW with GaN core and
aP shell and a core diameter of ~1.5 nm and total size ~2.4 nm, both in zinc blende
(ZB) structure, the bandgap was found to be only 1.22 e¢V. Interestingly, the
reversed structure with GaP core and GaN shell yielded nearly the same
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92 Wide Band Gap Semiconductor Nanowires 2

bandgap, 1.21 ¢V. Figure 4.4 shows the charge distribution of the CBM and VBM
for these core—shell NWs. The results indicate that once the photo-generated
electrons and holes relax to the respective band edges, they will be spatially
separated into the GaN and GaP regions, respectively. Note that the NWs do not
have cylindrical symmetry but are faceted with Csy symmetry, which is manifested
in the wave-function plots of Figure 4.4, most apparent for the NW of GaP (core
GaN (shell). It could be of significant interest to study the angular modulation of t
wavefunction for properties relevant to optical and spin polarization.

atoms arve N, blue; P, vellow; Ga,
zincblende [-1,1,0] dirvection, and the
color version of this figure, se,

-12[. Adapted from [ZHA 07]. For a
consonfit/nanowires2.zip

®

Figure 4.5. Cross-section views of integrated charge distributions over the wire period for a
GaN-GaP core—shell NW. The scale of each frame is 7.70 nm (width) x 6.67 nm (height).
Adapted from [ZHA 07]. For a color version of this figure, see
www.iste.co.uk/consonni/nanowires2.zip
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The spatial separation of the wave functions implies a small probability for the
electron and hole to recombine either radiatively or non-radiatively, thus expecting
to yield a long carrier lifetime. A legitimate concern would be that such a structure

fundamental bandgap for the two core—shell structures mentioned above. Figure
depicts the I" point wavefunctions for the first few conduction and valepgems

(>

has weak absorption. However, the electron-hole wave-function overlap increases
substantially starting from the secondary bandgap between the second valence
sub-band and the first conduction sub-band at around 40-50 meV higher than

bands for the GaN—GaP NW, showing the electron wavefunctions gradua
into the shell, whereas the hole wavefunctions gradually inva
types of systems could be potentially of great interest for explo
quasi-1D electron and hole gases.

to be about 1.22 ¢V as mentio
ZnSeNWs. The bandgaps of the

¢ vasic finction of the type II interface — separating the
Nies’to exist for larger sizes, except for losing the
re epgineering. Also, for the large size, the absorption near
esgtruly on the interfacial effect which is expected to be
along core—shell NW. However, in the form of a dense array
density afd height, light trapping effect can significantly increase the
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94 Wide Band Gap Semiconductor Nanowires 2

Clearly even without doping, the core—shell NW can already function as a lateral
p—n junction. However, doping can provide further tunability in material properties.
The large bandgap materials like GaN and ZnO tend to be naturally n-type, which

generation via photo-electrochemical water splitting, using GaN shell is expected
provide better chemical stability than the reversed structure [BEA 03].

will not affect the basic functionality of the type II hetero-junction, unless they
would become p-type. We can have the flexibility to place either component as core
or shell, depending on the targeted application. For instance, in the case of hydrog

4.5. Synthesis of the type II core—shell nanowires and their sig S

might not be in the context of seeking any property asso
alignment. Following the initial proposal of exploring

for the ZnO core and PLD for the ZnSe shell [WAK ( ails for this catalyst-
. The readers may also
14] for mOM®® general discussions. The
icure 4.6. Figure 4.6(a) and (b) shows,
arraysbefore and after coated with
ximately 100 nm in size and 10 pm

consult Chapter 11 in Vol. 1 [CQ
characterization results are summarj
respectively, the SEM images o
ZnSe. The single crystalline ZnO
in length, was found to beg
ZnSe shell, appgximate
relationship [000]z.o//[
4.6(d). Although b
also possible. phase, the lattice mismatch would be approximately
25% with ¢ 0O, which is even larger than the mismatch between GaN
oweyer, the lattice constant of the ZB ZnSe is only 8.8%
ice’constant of the WZ ZnO. Despite the ZnSe shell being
was found to be stretched by the shell, as shown by the x-ray
) data in Figure 4.6(c). The core—shell NW did show the optical

o1 ¢ individual components, such as the respective excitonic absorption
? , fkure 4,6(e), and Raman modes for both ZnO and ZnSe, Figure 4.6(f), but no
car cyifence of the expected signatures of a type II heterostructure. Nevertheless, the
ete encouraging and significant, because it demonstrated the feasibility of
growing a highly mismatched heterostructure in the quasi-1D geometry otherwise not
possible in the 2D planar geometry.

Ckricss, was in ZB phase with epitaxial
[2-1#10]7,0//(011)z,5., as revealed in Figure

You created this PDF from an application that is not licensed to print to novaPDF printer (http://www.novapdf.com)



http://www.novapdf.com

ZnO and GaN Nanowire-based Type Il Heterostructures 95

d)

Wavelength (nm)

800 700 600 500 00 00
100 [T T T
e)
80}
g
g e 1
[} " .
k] ' .
§ wl 2706V 3316V
g
=
20}
—s— EVX+substrate
—=2Zn0
—s—ZnDIZnSe nanowires+EVX+substrale
o _I L 1 L I 1 1 ]
15 20 25 3.0 35 40 45 5.0
Enorgy (6V)
T T T T T T T T T T
——zn0 300 K, 532 nm exc.
15000 —— .
c) Znoiznse 1] Bulk ZnO single crystal
- ———Zn0 nanowire array 4
g, | S Zn0O/ZnSe nanowire array
N 3
& 10000 i & 9
= El I z z e
z ~ E H s o N
E g T e =
ﬁ 5000 | — a nes w3 4 g ";.7,
g LA JaJ] [ ~ 1
=1 I 1 I 1 "
v om om W w ® w £
g " 3
g g
0 { g\ A
L . L \ | L
25 30 35 40 45 50 55 60
\ L L L L L
2 theta (deg.) 200 300 400 500 600 700 800 900

Raman Shift (cm'1)

A 4

ed ZnO—ZnSe core—shell NW array grown on TCO substrate. a)
e of the ZnO s;4b) SEM image of the ZnO—ZnSe corve—shell NWs. The insets in
mdges of ZnO NW tips and a core — shell NW tip, respectively; c)
of ZnO and ZnO—ZnSe NW arrays. The inset shows a clear shift of the peaks to
sideson going from ZnO to ZnO-ZnSe; d) low-magnification TEM image of a
shell NW (left), showing a thin layer of ZnSe coated on the ZnO NW core,
esolufion TEM image of the interface of the core—s hell heterostructurve (vight),

elationship of the ZnO WZ core and ZnSe ZB shell; e) transmission spectra of ZnO
NWs and the corresponding ZnO—/nSe corve—shell NWs. The two vertical lines indicate the
excitonic bandgaps of bulk ZnO and ZnSe. NWs were dispersed in the dilute solution of EVX
(ethylene—vinyl acetate copolymer); f) Raman spectra of ZnO and ZnO-ZnSeNW arrays,
compared with that of a bulk ZnQO single crystal. Adapted from [WAN 08]. For a color
version of this figure, see www.iste.co.uk/consonni/nanowires2.zip

You created this PDF from an application that is not licensed to print to novaPDF printer (http://www.novapdf.com)



http://www.novapdf.com

96 Wide Band Gap Semiconductor Nanowires 2

What would be considered as the signatures or evidence of a type II
heterostructure? The common accepted signatures might include: (1) a
photoluminescence (PL) peak at the expected interfacial transition energy that
should be below the lower bandgap of the two components; (2) optical absorption
occurring in the spectral region of the anticipated interfacial transition, which is
expected to extend into the longer wavelength than the threshold determined by
bandgap of the lower bandgap component; (3) a long carrier time or slow decay
the type II emission; and (4) photo-response (i.c. photo-current) associated jih
type II transition. The signature (1) alone might not be reliable, because
either component could potentially also result in below bandgap qaissionii
(2) is more reliable than (1), because the defects are less u
measurcable absorption strength, unless with a very high density®

tends to shorten the carrier lifetime. The observation of af

be viewed as an indication of good quality of the g It'is worth
pointing out that if a defect is formed at the typg sefthe electron
and hole wavefunctions do not overlap substantia arrier§ will not easily
be captured by the defect, and therefore the defe asfdetrimental to the

carriers as the bulk defects. In this case, we might as ew the interface defect-
related transition as a type Il tranggaan Signature (4)/would be an ultimate
confirmation of the type II effect, there is thepossibility that the photo-
response could be due to the inte
the photo-excitation of a defect

impurity” state in the bulk part of the

heterostructure could tu 11 type'll interface.
4.6. Demonstratio t cts’ in ZnO—-ZnSe core—shell nanowires and

photovoltaic

growing ZnO-ZnSe core—shell NWs has led to the
1 the gurSignatures mentioned above of a type II hetero-junction
addition, it reports a very different epitaxial growth of ZnSe
core from the first attempt [WAN 08]. Instead of growing on ITO
08], the ZnO NWs were grown by CVD on a ZnO buffer layer that
sited on a quartz glass by MBE. The ZnO NWs are 40—80 nm in size and
pnt'long. Polycrystalline ZnSe shell was coated by CVD with approximate
sfof 50 nm, which is substantially thicker than that in the other report. The
typicalmorphologies of the as-grown ZnO NW array and ZnO/ZnSe core—shell NW
array are shown in Figure 4.7 [WU 11].

\
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Figure 4.7. SEM images of a) as grown ZnO NWs and b) ZnO—ZnSe

core—shell NWs. The insets in a) and b) are high-magnifi @Ko,
SEM images of a single ZnO and ZnO—ZnSe core—shell
respectively. Adapted from [WU 11]

In contrast to the epitaxial relationship of [0001];,o edsin the
first synthesis, this time the ZnSe shell was found tgghe )
have the same lattice constant of ZnO, wij RDi clationship of
[0001],,0//[0001],s., when the shell thickness is
the ZnSe shell relaxed into the ZB phase with )
[0001] axis. Figure 4.8 shows the TEM images of {ga ZnO-ZnSe core—shell
NW [WU 11]. It is an astonishing figdige that with ~ compressive strain, the
ZnSe shell was actually grown co the ZnO gore. The size difference of
ould be the primary reason for the
observed different epitaxial relati ips, beduse the smaller ZnO core of the
second attempt likely magdrieeg inedsepitaxial deposition of ZnSe of the
same phase and grientatj
the key factor §
because on the onc
density; on t
improved.
conventj

parallel to the WZ

¢ clectronic coupling at the interface could also be
meChanism and electronic properties of these non-
turesfare not well understood at this time and deserve

The emission peak at around 1.9 eV is a reasonable energy for the type 11
ofsthis system (see Figure 4.3), and the weakening of the ZnO band edge
ould be explained as due to the charge transfer effect, although the PL
measurement alone is not reliable for drawing the conclusion. The transmission
spectra further supports the suggestion that the core—shell structure does give rise to
type 11 optical transition, as it is clear that the absorption of the core—shell NW array
now extends well into the longer wavelength range even reaching near IR.

You created this PDF from an application that is not licensed to print to novaPDF printer (http://www.novapdf.com)



http://www.novapdf.com

98 Wide Band Gap Semiconductor Nanowires 2

Transition layer

50 nm

Figure 4.8. TEM images of a ZnO—ZnSe core—shell

a) Low-magnification image with the transition layer peing
b)high-resolution image of the interface betwee
and the ZnSe shell. Adapted from [WU
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Figure 4.9. Type I optical transitions of ZnO—ZnSe core—shell NWs. Left —normalized PL
spects v ZnO —2nSe core—shell NW arrays. Right — a) transmission spectra of

lack) ZnO—ZnSe core—shell NWs (blue); and b) derivative curves of the
ectra a)f [ — the inter-band transition of ZnQ, II — the inter-band transition of
cigl transition between ZnO and ZB—ZnSe and IV — the interfacial transition
O and'W7Z-ZnSe. Adapted from [WU 11]. For a color version of this figure, see
o.ulifconsonni/nanowires2.zip

The third signature — the long carrier lifetime of the interfacial transition — has
also been observed for the core—shell NW array, which adds more certainty on the
existence of the type II optical transition in this system [ZHA 12]. Figure 4.10 shows
the time resolved PL at different energies across a broad emission band for a ZnO-
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ZnSe core—shell NW sample at low temperature, together with a time-averaged PL
spectrum, all measured at ~8K. Although not measured from the same sample used
in Figure 4.9, the peak energy of the type II transition is found to be around 2.03 eV
at 8 K, which is consistent with the room temperature value of ~1.9 ¢V, if we take
into account the temperature dependence of the bandgap energy (typically ~100
meV between 0 and 300 K). The time-dependent data show periodic modulatio

with very little decay within each time window of 13.16 ns determined by t

repetition rate of the laser. The time-dependent data clearly indicate long Pleda

curve of 2.045 eV (near the peak of the broad band) using a fugction fd
single exponential decay term but taking into account repeatt Cit¥
estimated decay time of ~64 ns was obtained. This decay time

~2.70 ¢V, which is below the bandgap energy of 2.80 ¢
shows a relatively slow decay, with a decay ti isgansition was
suggested to be related to the interfacial transiti —7nSe¢ that is
expected to also have a type Il band alignment |
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Figure 4.10. Time-resolved photoluminescence measured at low temperature. (Top) Time-
gveraged spectrum, (bottom) decay curves monitored at different emission energies. Adapted
from [ZHA 12]. For a color version of this figure, see
www.iste.co.uk/consonni/nanowires2.zip
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The ultimate confirmation for the type II functionality of the ZnO-ZnSe core—
shell NW hetero-junction was provided by a proof-of-concept PV device that was
realized by adding an electrode to the ZnO buffer layer and pressing an ITO
electrode on top of the NW array. Figure 4.11 shows the basic optoelectronic
characterization results for the prototype PV cell [WU 11]: EQE versus light
wavelength, and open-circuit voltage (V) versus illumination density. As expecte
the device clearly shows photo-response in the energy range well below the bandg
of ZnSe, with a peak energy at ~1.9 eV and a threshold at ~1.6 ¢V. The EQLa

in the violet spectral range. The relatively low absolute EQE val
the fact that both electrical contacts were not of high qua
comparable efficiencies between the NIR and the UV spectral r:
such a device could potentially achieve much higher efficiency?$
the ZnO spectral range should in principle be much higher than
on this prototype device, likely due to the primitive
illumination density dependence of V.. the initj

respectively, as shown by the curve for a referefice escurve for the NW
device does not saturate as fast, but V. reaches a ra value of 0.70 V at 660
puW/cm® (a fairly low power density ared to that of  AM 1.5 solar spectrum,
is probablysone of the highest values
s. These results point to the great

@elengt nm)
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Figure 4.11. Characterizations of a ZnO—ZnSe core—shell NW array solar cell. Left external
qantum efficiency (EQE) versus photon energy; right — open-circuit voltage (V,.) versus
illumination density. Adapted from [WU 11]
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To improve the device performance, the improvement is much needed in making
better electrical contacts, for instance, by using the planarization technique that has
been adopted for the ETA cell (e.g. filling the NW gaps with p-CuSCN) [LEV 05].

Furthermore, the structural parameters of the NW array (e.g. density and height)
should be optimized to improve light trapping in order to mitigate relatively weak
interfacial absorption.

In addition to the GaN—-GaP and ZnO-ZnSe¢ core—shell NWs mentioned X

context of the ETA cell, for instance, ZnO-CdSe [LEV 05] and
10]. However, so far the ZnO-ZnSe combination is the only
demonstrated with photo-response associated with the type 11
core—shell NW [WU 11].

4.7. Summary

A brief review has been provided to highlig¥
hetero-junction solar cell idea based on large bandgd
ZnO-ZnSe and GaN-GaP. In contrast
solar cells, such as BHJSC and DS
lower bandgap material plays t

MPanic version type 11
onductors, in particular
ovwn/type 11 hetero-junction
their variatiofis) where usually only the
of light absorber, this new type 11

hetero-junction solar cell emphasi ili ns/0f the collaborative effect of the
two components, which cig 5 ive bandgap that can be much smaller than
those of the indiyjidual cq systems, we cannot only take advantage
of the better p‘o- and abilify of the large bandgap material, often

serving as passivati

d as the optimal device structure for PV and photo-
ctroni€ devices. The combination of ZnO-ZnSe has been
the expected signature propertics of a type II hetero-

. Physical propertics of the type II hetero-junction and the device realization,
fundamental science investigation is expected to follow, which is currently lacking
behifnd, for instance, the growth mechanism, interfacial states and defects, effects of
doping, transport properties and 3D device operation.
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