
thE dEvElopMEnt of various EMErging photovoltaic tEchnologiEs, as classifiEd By 

thE national rEnEWaBlE EnErgy laBoratory, has EXpEriEncEd vEry diffErEnt ratEs of 

progrEss ovEr thE last fivE to tEn yEars. in particular, tWo thin-filM tEchnologiEs, 

quantuM dot solar cElls and pErovskitE-BasEd solar cElls, havE achiEvEd drastically 

diffErEnt valuEs for poWEr convErsion EfficiEncy as quantuM dots havE failEd to 

kEEp up With pErovskitEs. clEarly, thE MatErials arE vEry diffErEnt, But in ordEr to 

quantify thE discrEpancy in EfficiEncy, WE focus on MEasuring thE tail of thE aBsorp-

tion past thE noMinal Band EdgE and thErEforE thE urBach EnErgy of thE tWo MatEri-

als. WE discuss a thEorEtical rElationship BEtWEEn urBach EnErgy and opEn circuit 

voltagE BasEd on thE original considErations By shocklEy and quEissEr on thE Effi-

ciEncy liMits of solar cElls.
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One of the main concerns of photovoltaic technology for 
the consumer is the cost, specifically the fabrication cost 
per unit of energy or power produced. One way to mini-
mize the cost is to decrease the amount of material by us-
ing thin film solar cells. Thin films also have potential for 
nonconventional realizations of solar cells that require 
only simple mounting apparatuses, even as simple as a 
sticker. However, a key issue that arises with most thin 
films is a low power conversion efficiency compared to 
thick, crystalline cells. Both the path length of the light 
within the absorptive layer of the cell and the path length 
of electrons excited by the absorbed light decrease in a thin 
film, which creates a tension of optimization. The former 
feature makes it difficult for a thin film cell to absorb light, 
while the latter makes it easy for the electrons to get out as 
electric current. Thus, if the layer is made too thin, little 
light is collected, but if it is made too thick, the conversion 
efficiency again decreases.

This issue has stalled many thin film technologies, but 
emerging research is taking different approaches to at-
tempt a solution. Two areas in particular, quantum dot so-
lar cells and perovskite-based solar cells, have experienced 
similar popularity, but very different rates of progress to-
ward increased power conversion efficiency.

Quantum dot photovoltaics first gained popularity in the 
early 2000s, when it was predicted that quantum confine-
ment should lead to a quantized density of states in the 
zero-dimensional nanoparticles. Such a property, in con-
trast to the quasi-continuous nature of energy levels in a 
bulk semiconductor, should then allow the electron relax-
ation time to increase, potentially allowing for either 
multi-exciton generation or extraction of hot electrons. 
This, in addition to the tunability of absorption into the 
near infrared region should allow for an unprecedented 
increase in efficiency of photovoltaics, up to 66%.1 How-
ever, experiment has not nearly reflected this theoretical 
increase, as quantum dot solar cells have only reached a 
maximum efficiency of 8.55%.2

Lead-halide perovskites, in contrast, have seen rapid prog-
ress, up to the current confirmed record of 17.9%.3 
Perovskites have a highly ordered crystal lattice that allows 
for good optical and electrical properties, but they are not 
unique in this characteristic. Crystalline silicon, for exam-
ple, is similarly ordered. The interest in perovskites, then, 
stems from their potential as a particularly thin, and there-
fore cheaper, crystalline material. Perovskites have been 
synthesized with a diffusion length of up to 1 micron, 

which is an order of magnitude higher than the absorption 
depth, which can be as small as 100 nm. Crystalline sili-
con, with its similar amount of order exhibits a longer dif-
fusion length, but its optical properties are not as good, 
and its absorption depth nears 100 microns in the Vis-NIR 
range that is of interest for photovoltaic applications.4

Here we will address a fundamental optical property, the 
Urbach energy, of the two materials (lead-halide perovskites 
and lead sulfide quantum dots) that can provide a more 
quantitative explanation for the discrepancy in the efficien-
cies seen in the two materials.

Theory
The Urbach energy is connected to the theoretical limit of 
the efficiency of a single p-n junction solar cell, but goes 
past the treatment given by Shockley and Queisser in their 
famous detailed balance limit. This limit, initially derived 
for material with a band gap of 1.1 eV, gives a value given 
for efficiency, η, that depends on four terms:

The first term, ug, is defined as the ultimate efficiency, and 
represents the efficiency the cell would have if every pho-
ton with energy above the band gap of the material in 
question were to excite an electron that would then provide 
the exact energy of that photon to the cell. The third is an 
impedance matching factor that accounts for the balance 
between the highest possible values for voltage and cur-
rent, which cannot occur simultaneously. The fourth is the 
probability that a photon with energy greater than Eg will 
excite an electron and produce and electron hole pair; the 
value’s upper limit is 1.

The second term, v, is the ratio of the operational output 
voltage to that of the band gap, and it is of particular inter-
est here. It accounts for recombination processes in the 
cell, making considerations for both radiative and nonra-
diative recombination.

To find the maximum value for the open circuit voltage 
that a solar cell can attain, and therefore the ratio of that 
open circuit voltage to that of the band gap, Shockley and 
Queisser first consider the steady-state condition that will 
occur when the cell is surrounded by a blackbody of tem-
perature Tc. In this state, the rate of radiative recombina-
tion is given by a value Fc0. This is determined by the num-

η(χg,χc, f , ts) = ug(χg)v(χg,χc, f )m(χg,χc, f )ts

1
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ber of photons incident upon the cell with energy greater 
than Eg, which is derived from the blackbody spectrum at 
Tc. When solar radiation hits the cell, the original state is 
disrupted and the new steady-state is given by

where FS is the rate of electron-hole pairs generated due to 
solar radiation (and is determined by the blackbody curve 
of a body at 6000 K), Fc(V) is the new rate of radiative re-
combination, R(0) is the rate of radiative recombination, 
R(V) is nonradiative generation, and I is the external cur-
rent. In the ideal situation, nonradiative processes will 
obey the ideal rectifier equation, and

The Fc(V) term is determined by the new concentration of 
electrons and holes after the Fermi-level split into quasi-
levels due to the incident radiation, and is therefore de-
fined as 

Equation (1) can also be written as

where the term in the brackets represents the net rate of 
generation of electron-hole pairs when a cell is surrounded 
by a blackbody at temperature Tc, since Fs – Fc0 will be zero 
at that point. Using this term, the fraction of recombina-
tion that will be radiative can be written as

The steady-state can now be expressed as

Setting I equal to zero in order to find the maximum value 
for V, and using the definition in (3)

Solving for V, 

Since Fs, based on the blackbody curve at 6000 K, is much 
greater than all other terms, as long as fc, which is assumed 
to be 1 in the final calculation, is not too small.5

The absorption coefficient for solar energy striking the 
surface of the cell is also assumed to be 1. In other words, 
the assumption is made that photons with energy higher 
than Eg are absorbed and excite an electron with a probabil-
ity of 1, while photons with energy below Eg are absorbed 
and excite an electron with a probability of 0. However, 
this assumption does not hold for the low values of fc that 
the detailed balance limit does not consider. In such a case 
there will be an exponential tail present in the absorption 
spectrum of the material being studied. Highly ordered 
crystalline materials exhibit very sharp absorption edges, 
but for both amorphous materials and films of quantum 
dots the disorder leads to a broad absorption tail below Eg. 
The breadth of this absorption tail is often well described 
by a value Eu, the Urbach energy, and an exponential such 
that

The open circuit voltage of the cell, when the absorption 
tail is considered, can now be represented as6

Here, α(E) is defined as the exponential absorption edge 
below Eg and 1 above Eg. When Voc is calculated for different 
values of T and Eu, this inverse relationship becomes clear.

As is evident from the calculations, Eu, when greater than 
kBT at different values of T, leads to a significant decrease 
in VOC compared to the given value of Eg, which was taken 
to be 1.3 eV for the purpose of the calculations. Also note-
worthy is the trend toward zero of the difference Eg – VOC as 
both T and Eu go toward zero as well, which is in agree-
ment with the predictions of Shockley and Queisser.

Literature data, gathered by De Wolf et al., show a nearly 
linear relationship between Urbach energy and losses in 
VOC. These are shown in Figure 2 along with the calculated 
value from Eq.10. Except for one point, the calculated VOC 
is larger than the experiment which is fine since the calcu-
lation does not introduced additional efficiency losses. The 
same positive relationship can be seen between Eu and 
losses in VOC in both calculation and experiment.7
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This relationship indicates that the value for the Urbach 
energy should give a prediction as to the upper limit that 
the open circuit voltage of solar cell can attain based on its 
material characteristics, taking into consideration more 
than simply the band gap of those materials.

meThods
To confirm the value of this prediction, we compare Eu for 
quantum dots and perovskites, specifically lead sulfide 
dots with absorption peak near 950 nm and lead-halide 
perovskites with absorption edge near 800 nm, in order to 
better understand the power conversion efficiencies that 
have already been attained with such materials.

The synthesis used for the lead sulfide quantum dots is 
based on a modified version of the Hines and Scholes 
method.8,9 Briefly, 0.09 g PbO, 0.27 mL oleic acid, and 3.8 
mL octadecene (ODE) were mixed under a Schlenck line 
in a three-neck flask. The mixture was degassed at 95-
105ºC for 10 minutes and then heated to 150ºC under Ar-
gon for another 50 minutes. 42 µL of bis(trimethylsilyl)
sulfide (TMS) was dissolved in 3 mL ODE in a glovebox 
and then injected into the heated solution. The mixture 
turned to a dark brown within a second of injection. The 
temperature dropped to around 115ºC at which it was al-
lowed to react for 20-30 seconds. The flask was cooled 
back to room temperature using air flow. The quantum 
dots were precipitated with ethanol and/or acetone, and 
dissolved in a 9:1 hexane/octane solution.

The lead sulfide substrates were prepared by cross-linking 
with ethanedithiol (EDT). A glass slide was cleaned using 
acetone and ethanol. The glass was then covered with 
3-(mercaptopropyl) trimethoxysilane (MPTS) to bind the 
quantum dots to the glass. The methoxy groups bind to the 
glass and the thiol groups are available to bind to the Pb. 
The cleaned PbS QDs were dropped onto the glass slide, 
which formed a thin film on the surface. The film was cov-
ered with EDT in ethanol for a few seconds before washing 
with ethanol. The films were dried and the process was 
repeated until a dark, smooth layer was formed. These 
films were measured with the Cary UV-Vis or PDS before 
any degradation from air could take place.

The method for the synthesis of lead iodide perovskites 
was based on that used by Im, et al.10 The methylammo-
nium iodide precursor was prepared by reacting methyl-
amine (2.0 M in methanol) and hydriodic acid (57% in 
water) for 4 hours at 0ºC. The methylamine solution in 

methanol was prepared by bubbling methylamine gas 
through 223 mL of methanol while swirling the flask. This 
resulted in a 1-2 M solution. The HI was added slowly 
drop-wise to the methylamine which had been cooled to 
0ºC. The solution changed color from clear to yellow upon 
addition of HI, and the solution was a reddish hue by the 
end of the 4 hour reaction. The precipitate was collected 
using a rotary evaporator overnight at 80ºC. The precipi-
tate was redissolved in 3.5 mL ethanol at 70ºC and recrys-
tallized to remove impurities. The crystals were washed 
with diethyl ether and filtrated. Because the crystals still 
had a yellow tinge, they were recrystallized until a white 
powder was obtained. The powder was dried overnight in 
a vacuum oven at 100ºC. In a glovebox, approximately 0.5 
g of lead iodide and 1.3 g of methylammonium iodide were 
dissolved into 2.3 mL γ-buteralactone, heated to 80° C, and 
reacted for 2 hours. The perovskites were then spin coated 
onto glass coated with polyethleneamine and rinsed with 
water at 6000 RPM, and baked at 100° C for 15 minutes. 
The perovskites were never exposed to air throughout the 
synthesis and measurements.

To measure the absorption spectrum of the materials, and 
therefore the Urbach energy, photothermal deflection (mi-
rage) spectroscopy (PDS) was used. The measurements 
were done using a 100 W tungsten lamp as a white light 
source, a monochromator based on a 1200 groove/mm 
diffraction grating blazed at 1000 nm and 1 mm slits, and 
a 635 nm red laser. The resolution of the monochromator 
was calculated to be approximately 0.7 mV (where the slit 
width was taken to be 1 mm and the focal length was taken 
to be 10 cm), which is well within the resolution needed to 
measure the steepest absorption tail expected, around 10-
20 mV. The white light is modulated at a frequency of 20 
Hz, and after passing through the monochromator, is fo-
cused to a 5 mm by 0.5 mm area on a 5 mm wide sample, 
which is immersed in filtered hexane and sealed in an air-
tight quartz cuvette. The red laser skims the surface of the 
sample perpendicular to the diffracted monochromatic 
light. Therefore, when the sample absorbs a certain wave-
length of light, it heats the hexane, changing the index of 
refraction and bending the red laser beam. The change in 
position of the red laser beam is the direct measurement, 
from which the absorption spectrum is obtained after nor-
malization with the spectrum of the lamp measured using 
an opaque graphite sample. Filters are used to block the 
second order diffraction and extend the measurement into 
the near infrared region. The absorption spectrum can be 
plotted on a logarithmic scale, with the steepest slope cor-
responding to the minimum value of Eu
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resulTs and disCussion
The absorption spectrum was measured for PbS quan-
tum dots using PDS, and is shown in Figure 3. There are 
two distinct linear areas when plotted on a logarithmic 
scale, corresponding to two different tails. The mini-
mum slope is 98 meV, measured through an order of 
magnitude, which is therefore the minimum Urbach En-
ergy measured for these dots.

This value for the Urbach energy, at room temperature, 
can be calculated to correspond to losses in VOC from Eg 
in the range of 0.8 V – 1.0 V at room temperature, 270 K 
(see Figure 1). This is further supported by experimental 
values; the maximum reported value of VOC for a PbS 
quantum dot solar cell, to our knowledge, is 0.692 ± 
0.007 V, attained from dots of 2.9 nm with a band gap of 
1.4 eV – a loss of 0.7 V. A range of dots of different sizes 
and band gaps were fabricated and measured by Yoon, et 
al., as seen in Figure 4.11

A linear fit to these points gives the relation

VOC = 0.519(Eg) – 0.0221

which indicates that the maximum open circuit voltage 
achieved from a photovoltaic device fabricated from PbS 
quantum dots has only slightly exceeded approximately 
50% of the measured value of  Eg, which, in order to ab-
sorb in the desired region of the near infrared, is gener-
ally near 1.3 V, as is the band gap in the dots that we fab-
ricated as well.

This relationship holds true not only for high voltage 
cells, but also for high efficiency cells, which is logical 
since η depends on VOC. The highest reported efficiency 
for a PbS solar cell to date is 8.55%, which was achieved 
with dots with Eg 1.3 V. The maximum open circuit volt-
age attained for these cells was 0.6 V, using dots capped 
by 1,2 and 1,3-benzenedithiol ligands. Again, we see a 
loss of about 0.7 V from the band gap voltage for a lead 
sulfide quantum dot solar cell.2

The width of the Urbach tail is indicative of the level of 
disorder in a material, which for quantum dots, with a 
high surface area to volume ratio, is fundamentally con-
nected to the nature of the surface of the dots. Imperfec-
tions in stoichiometry and passivation at the surface, as 
well as the type of ligands that cap the dots are often the 
most significant sources of disorder. It is therefore pos-

sible to increase the sharpness of the tail by optimizing the 
types of ligands used. For example, different ligands can 
either passivate the surface more or less efficiently, affect-
ing the amount of trap states on the surface. Furthermore, 
Urbach energy generally increases with increasing ligand 
length, possibly due to decreased coupling between dots.12 
The effect of different ligands on the Urbach energy in 
CdSe dots has been explored using PDS, and was found to 
be significant, with CdSe dots caped by HDA exhibiting a 
minimum Eu of 25 meV, while the same dots capped with 
S2- had an increased minimum Urbach energy of 80 meV.13 
Clearly, then, there is some potential in this area for im-
provement in the absorption tail of quantum dots, but at-
tempts at optimizing ligand use has not lead to the increas-
es in efficiency that were originally predicted, indicating 
that the Urbach energy for PbS QDs is still too high to at-
tain the necessary values for VOC.

Perovskites, with their crystalline structure, are inherently 
more ordered than quantum dots, leading to a much lower 
value for the Urbach energy, and therefore higher values 
for the open circuit voltage. For example, the highest value 
for open circuit voltage attained up to this point is 1.40 V, 
which was achieved using a wide band gap bromine based 
lead perovskite with a band gap energy of 2.30 V. To make 
a more direct comparison to measurements made here, 
the highest value achieved for CH3NH3PbI3, is 1.05 V, from 
a band gap of 1.57 V.14 The most efficient perovskite cells 
have been based on mixed-halide perovskites, of the form 
CH3NH3PbClxI3-x, which have the same band gap as pure 
iodide perovskites, but a higher reported value for VOC, at 
1.13 V.15

The absorption spectrum measured for CH3NH3PbI3 us-
ing PDS is shown in Figure 5. The exponential curve is 
fitted to a region that stretches through two orders of mag-
nitude, giving a value of 45 meV for Eu. This is somewhat 
higher than the lowest reported value of 15 meV, but it is 
substantially lower than the measured value of 98 meV for 
the PbS QDs. When compared with the highest reported 
value for VOC above, it agrees well with the calculation, 
which predicts that an Urbach energy of 45 meV should 
give a loss of just over 0.5 V from the 1.57 V band gap.

Considering the brief period of time that perovskite re-
search has had to mature, it is likely that 1.05 V is not the 
maximum value that a solar cell fabricated from CH3NH3P-
bI3 can attain for VOC. A larger VOC is also predicted by the 
lower 15 meV reported value for Eu. Some reasons for the 
discrepancy between reported data and measured data in-
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clude high noise levels–ideally we would measure the ab-
sorption tail through another order of magnitude to get a 
more accurate number–as well as difficulties forming a 
film thick enough to see a high signal in PDS measure-
ments.

ConClusions and fuTure Work
The values measured using photothermal deflection spec-
troscopy for the minimum Urbach energy of lead sulfide 
quantum dots and lead iodide perovskites are 98 meV and 
45 meV, measured over a maximum of two orders of mag-
nitude. These values lead to a good agreement between the 
calculated open circuit voltage and the reported values at-
tained by solar cells fabricated with these materials. Al-
though a little bit more work needs to be done to obtain a 
more precise determination of the Urbach tail with these 
materials with absorption data extending over more orders 
of magnitude, the initial results are very promising in 
showing that the consideration of the Urbach tail is a very 
valuable input to choose the best materials for solar cells.
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figurE 1: voltagE drop froM Band gap EnErgy vs. 
urBach EnErgy

figurE 2: voltagE drop froM Band gap EnErgy vs. 
urBach EnErgy

taBlE 1

Material Eg (eV) Eu (meV) Eg-VOC (eV) (experiment) Eg-VOC (eV) (calculated)

GaAs 1.42 7 0.3 0.213

c-Si 1.12 11 0.37 0.199

CH3NH3PbI3-xClx 1.57 15 0.41 0.24

CIGS 1.18 23 0.57 0.237

a-Si 1.75 48 0.88 0.939
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Size (nm) Eg (V) VOC (V)

2.9 1.40 0.692

3.1 1.30 0.657

3.3 1.24 0.629

3.5 1.18 0.602

3.8 1.09 0.545

4.0 1.05 0.542

4.1 1.03 0.483

taBlE 2

figurE 4: opEn circuit voltagE vs. EnErgyfigurE 3: aBsorption vs. EnErgy

figurE 5: aBsoprtion vs. EnErgy
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