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Thin film solar cells comprised of quantum-confined CdTe nanoparticles are shown to have a low

intrinsic density of mid-gap trap states relative to their equivalent bulk film, indicating that the

ligands are effective at electrically passivating surface states. Sintering the nanoparticles into a

poly-crystalline thin film increases device performance but also increases the density of mid-gap

trap states due to doping from the CdCl treatment and the formation of long range disorder such as

grain boundaries and dislocations. Long term aging under illumination increases the density of

mid-gap traps in the unsintered films due to degradation of the ligands. VC 2012 American Institute
of Physics. [doi:10.1063/1.3673278]

Nanoparticle based thin films have great potential for a

new generation of semiconductor devices including solar

cells and transistors.1–3 Mid-gap trap states play a critical

role in determining the performance of semiconductor devi-

ces including optical efficiency and leakage current. The

high surface to volume ratio of nanoparticles in thin film

form can lead to a very high density of surface states that can

trap electrons and ultimately limit device performance. In

this paper the role of trap states in solar cell devices made of

both quantum confined and sintered CdTe nanoparticles is

investigated with photothermal deflection spectroscopy

(PDS) and electrical device characterization. The density of

mid gap trap states is found to be lower in quantum confined

nanoparticle films relative to the sintered polycrystalline

films in spite of the higher surface to volume ratio of the

nanoparticle films. Solar cell device performance improves

substantially with sintering due to higher absorption and

improved carrier transport in the sintered films and is not

limited by the increase in mid-gap traps.

Thin-films of nanoparticles can be deposited from col-

loidal solutions and sintered at high temperatures to form a

more bulk-like polycrystalline film.4 In the process of sinter-

ing, organic ligands are removed and particles fuse together

into clusters and ultimately grains, which changes the prop-

erties of the material. Quantum confinement in the nanopar-

ticles causes an increase in the band gap relative to the bulk

materials and potentially can lead to enhanced impact ioniza-

tion.3 Understanding the transition from quantum confined

nanoparticles to polycrystalline film is critical to forming

electronic devices with nanoparticles such as solar cells. One

of the most commonly used materials for thin film solar cells

is CdTe because of its ideal bandgap and high absorption.

PDS has the ability to investigate optical absorption over a

range covering 5 decades of absorption coefficient including

the mid-gap region and band-tail region for both sintered and

unsintered nanoparticle films.5–7 The technique detects very

small light induced temperature changes in a thin film due to

non-radiative recombination processes. Thin film samples

deposited on glass are enclosed in a vessel with a fluid that

has a high temperature dependence of refractive index

change (CCl4) and a laser beam is reflected from the gradient

in refractive index at the sample surface. The amplitude of

the deflected signal is calibrated to the optical absorption of

the thin film sample in a region of high absorption that can

be measured with conventional transmission/reflection spec-

troscopy. See supplemental information for more details of

the apparatus.19 The light-induced temperature changes

measured with PDS do not capture band-band radiative loses

such as those from photoluminescence near the band edge.

Quantum yields for photoluminescence of nanoparticles in a

solution can be very high, but when deposited as a thin film

the quantum yield is quenched from enhanced coupling

between nanoparticles and other non-radiative processes.8

Therefore, in poly-crystalline thin films with low photolumi-

nescence quantum yield, absorption from radiative loses will

be small relative to the non-radiative loses and can be

neglected.9

Absorption above the bandgap determines the portions

of solar spectrum that is converted to photogenerated elec-

trons and holes which can either be collected or recombine

internally by either radiative or non-radiative (Schokley-

Read-Hall) processes. Absorption just below the optical

band gap can be characterized by disorder induced band-tail

states with an exponential form a � exp(hm/Eu) where a is

the absorption coefficient and hm is the photon energy. The

coefficient of the exponential decay in absorption is the

Urbach energy, Eu, and measures the degree of disorder

within the material. A large Urbach energy corresponds to a

high level of disorder within the material. In amorphous

semiconductors like Si:H the Urbach energy varies from 30

to 100 meV.10 Optical absorption below the band-edge

region within the bandgap occurs from mid-gap states that

can contribute to carrier recombination and reduced carrier

lifetime. Changes in absorption from mid-gap trap states

have been studied extensively for amorphous Si to quantify

light induced degradation from reduced carrier lifetime.7,11

Nanoparticle based CdTe films and solar cells were

formed from pyridine capped CdTe nanoparticles dispersed

in pyridine. The nanoparticles had a nano-rod shape with ini-

tial dimensions of 2 nm� 5 nm.2 Films were deposited by

spin-casting on glass substrates with a patterned (ITO) trans-

parent electrode (Fig. 1(a)). The films were annealed in nitro-

gen after spin-casting (<10 ppm oxygen) at 200 �C to

remove residual solvents. Sintering was performed bya)Electronic mail: galers@ucsc.edu.
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annealing in air at 400 �C for 1–10 min after treatment with a

saturated solution of CdCl2 in methanol.1,4 The sintered films

were rinsed with 60 �C deionized water and immediately

dried with dry nitrogen. Solar cell devices were formed with

60 nm of aluminum thermally evaporated on the CdTe to

form a Schottky junction at the back contact. The Schottky

barrier CdTe solar cells had power conversion efficiencies of

up to 5%.2 An atomic force microscope (AFM) was used to

check morphology and thickness of each layer in the device.

After sintering for greater than 1 min the thickness of the

film decreases by 10%–20% relative to unsintered films.

(Table I) Optical absorption is plotted as d * a to eliminate

the effect of thickness change on absorption coefficient

before and after sintering. It is important to note that below

the band tail region, the product d * a is much less than 1

and changes in light intensity through the thickness of the

film will be negligible.

The density of electronic traps, the band edge, and opti-

cal absorption all play a dominate role in determining the

performance of an optical device including solar cells. Prior

to sintering, the nanoparticle film had a band gap of 1.7 eV

with a very broad band edge as shown on a linear scale in

Fig. 1(a) and a log scale in Fig. 1(b). The increase in absolute

absorption of the CdTe film above the band gap may be due

in part to the increased density of the film due to grain

growth.12 After sintering, the CdTe films lose their quantum

confinement and become polycrystalline with a bandgap of

1.5 eV, consistent with bulk CdTe. The Urbach energy,

which is associated with structural and electronic disorder,

dramatically drops from 97 meV for unsintered films to

30 meV for sintered films (Fig. 1(b)) as shown in Table I.

The large Urbach energy in the unsintered state is more

likely due to variations in particle size and shape instead of

film morphology because the bandgap of 1.7 eV corresponds

to quantum confined nanoparticles and not the bulk CdTe

bandgap of 1.5 eV.

During the sintering process, the mid-gap trap density

increases as is evident in the increased absorption below

1.4 eV in Fig. 1(b) and summarized in Table I.4 The low trap

density in the nanoparticle films shows that the ligands are

effective at electrically passivating the surface of the nano-

particles and the nanoparticles themselves have a low mid

gap trap density. The very large surface area of the porous

unsintered nanoparticle films does not appear to introduce

more trap states relative to larger, sintered particles.6 The

high temperature CdCl2 treatment is necessary to form func-

tional solar cells, stimulate grain growth, and provides dop-

ing of the CdTe film with Cl.13 The nanoparticles coalesce

during sintering into clusters with random orientation and

then form larger domains and grains.12,14,15 The grain size in

the film grows from less than 10 nm to more than 100 nm in

diameter through sintering (Fig. 1(c)).2,15 A short sintering

time of 1 min at 400 �C is sufficient to eliminate the quantum

confinement in the nanoparticles and the band gap shifts

from 1.7 to 1.5 eV with a sharper band edge, but the anneal

is not sufficient to remove the surface passivation of the

nanoparticles or to cause coalesence of the nanoparticle.

Therefore, the density of mid gap states remains low in this

FIG. 1. (Color online) (a) Linear and (b) logarithmic scale graph of absorption vs. energy for unsintered and sintered CdTe films. (c) SEM images of unsin-

tered and sintered CdTe films.

TABLE I. Summary of device performance parameters of CdTe solar cell devices.

Sintering(min) Gap(eV) Urbach(meV) Thickness(nm) Jsc(mA/cm2) Voc(V) FF(%) Efficiency(%) J-dark(mA/cm2)

0 1.71 97 340 0.068 0.28 29 0.008 0.003

1 1.51 23 310 8.6 0.58 39 1.9 0.004

5 1.5 29 300 24 0.47 42 4.7 0.068

10 1.48 31 270 2 0 0 0 0.150
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intermediate semi-sintered state that poses stronger elec-

tronic coupling but maintains residual chemical passivation

(Fig. 1(b)). As the sintering process continues, long range

order sets in as the nanoparticles form grains with increased

crystalline translational periodicity. The formation of the

long range translational periodicity of the grain requires that

the individual nanocrystallite orientation changes to adapt to

the crystalline order of the grain. The transition from short

range order (<10 nm-crystallites) to longer range order

(100 nm grains) will induce long range disorder in the crystal

lattice such as dislocations and grain boundaries that do not

have the benefit of passivation from ligands and can there-

fore form trap states. The increase in density of unpassivated

long-range crystalline defects results in an increase in the

mid-gap trap density as reflected by the increase in absorp-

tion after 5 and 10 min of sintering. In addition, Cl doping

during the sintering process will generate deep acceptor sites

that can increase mid-gap absorption.

The device performance of Schottky solar cells formed

with these films is shown in Fig. 2(a) and is summarized in

Table I. Untreated and unsintered nanoparticle films have a

short-circuit current density (Jsc) 400 times less than for the

optimally sintered films, while over-sintered films produce

high dark currents and no detectable photocurrent or open-

circuit voltage (Voc). Voc and fill factor (FF) are also both

significantly increased during the sintering process (Fig.

2(a)). The efficiency increased from 0.008% to 4.7% with

optimal sintering. With 1 min of sintering, the band gap of

the CdTe films shifts to lower values, but optimal device

performance is observed with a 5 min anneal as shown in

Fig. 2(a).2

To confirm an increase in the number of trapped charges

with sintering time in this device geometry, a simple charge-

extraction method16 was used to probe electronic trap states

in the CdTe Schottky junction devices. A voltage near Voc is

applied to the device for several hours in the dark. The volt-

age is then quickly set to zero and the resulting current tran-

sient measured. The RC time constant for these small area

devices was less than 1 ms, so any current decay measured

for times greater than 1 ms is due to the discharge of deep

level traps in the device. By integrating the transient current

over time, an estimate of the total deep level charge trapped

in the defects of the cell can be obtained. Charge-extraction

measurements yielded a deep level trap density of

7.17� 1014 cm�3 for unsintered films, 1.24� 1015 cm�3 after

1 min of sintering, and 1.84� 1015 cm�3 after 5 min of sin-

tering (Fig. 2(b)). It is important to note that the trap density

measured with charge extraction includes only very deep

level traps and not traps near the band edge that have a relax-

ation time less than 100 ms (the RC time constant of the de-

vice). Both charge extraction and PDS methods show an

increase in deep level trap density associated with the re-

moval of quantum confinement during sintering.

To further demonstrate that ligands are effective in pas-

sivation of traps in nanoparticle films, CdTe films were light

soaked using a 100 mW/cm2 metal-halide light with high

UVA content for 1, 18, and 67 h in air at 35 �C. Changes in

absorption and mid-gap trap density were measured before

and after light exposure. The UV light can destroy ligands in

the unsintered films but the temperature is low enough to

prevent nanoparticle fusion into clusters. Films had minimal

grain growth after light soaking as measured with AFM.17

As light soaking time increased, the mid-gap trap density of

the unsintered films dramatically increased (Fig. 2(c)) due to

the photo-induced degradation of the ligands in the presence

of oxygen. This photo-oxidation resulted in the gradual ero-

sion of the nanoparticle-pyridine surface. However, sintered

films with no ligands do not exhibit this strong sensitivity to

photo-induced degradation. The trap density was unchanged

with 67 h of light exposure. The ligands are very effective in

passivating traps, but the passivation effect is not stable to

UV light exposure in air and could represent a long term reli-

ability concern for nanoparticle based solar cells that are not

encapsulated.1,18 The sintered samples have a higher conver-

sion efficiency and also a stable trap density with long time

exposure to light.

We have demonstrated that mid-gap trap level of nano-

particle based devices can be very low relative to sintered

polycrystalline films. Ligands in nanoparticle based films

are very effective at reducing the number of mid-gap trap

states in solar cells. The improvement in performance

observed with sintering solar cells is due primarily to

increased absorption and improved transport within the pol-

ycrystalline films.

FIG. 2. (Color online) (a) J-V curves for ITO/CdTe/Al photovoltaics under AM1.5G. (b) Current transient response for CdTe films with different sintering

times. (c) Logarithmic graph of absorption vs. energy for different light soaking times.
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