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in the longer wavelength region (where absorption by ITO does not yield photocurrent). The

IQE curves exhibit short-circuit collection yields of around 85%, until the photon energy

surpasses the MEG threshold, after which the IQE rises to a peak efficiency of 130% in the

0.72 eV QDs, 108% in the 0.83 eV QDs, and 98% in the 0.98 eV QDs. The glass, ITO and

ZnO begin to absorb significant quantities of light at photon energies greater than 3.5 eV,

and the EQE and IQE drop sharply. Enhanced interfacial of carriers at these high photon

energies may also contribute to the drops in EQE and IQE, as is typical in conventional solar

cells.

Figure 4.13: Effect of varying the thickness of the PbSe QD layer in the optical model on
modeled reflectance and calculated IQE. We allow the thickness to vary in increments of
1 nm and plot the resulting IQE curves. We find that below 2 eV, and especially near the
first optical transition, the variation is much greater, while above 2.5 eV there is virtually
no change.

There are several reports of IQE greater than 100% and one report of an EQE greater

than 100% based on impact ionization in bulk semiconductor devices. Canfield et al. [13]

reported an EQE of 128% at a photon energy of 7.7 eV in a bulk silicon photodiode, corre-

sponding to a relative photon energy of 7Eg. For bulk silicon-based solar cells, the photon

energy threshold for carrier multiplication occurs around 3.9 eV, or 3.5Eg [13], and at 2.8 eV,

or 4.1Eg, in germanium [125]. Here the onset for the 0.72 eV bandgap QDs is ∼2 eV or

∼2.8 Eg.
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To further assess the MEG efficiency, ηMEG [8], in Fig. 4.14B we plot the IQE curves

from Fig. 4.11 versus hν/Eg (the photon energy normalized to the bandgap of the QD).

Some researchers suggest [78] that in order to assess the fundamental photophysics of the

MEG process, the quantum efficiency should be plotted on an absolute photon energy basis

(see Fig. 4.15 for a plot on the absolute photon energy basis). However, we argue [8] that

the hν/Eg basis is more appropriate for understanding the fundamental competition between

hot-carrier cooling and the MEG relaxation channel, as well as the practical utility for solar

energy conversion. The slope of such plots is also proportional to the number of additional

excitons created per bandgap of photoexcitation. Regarding this issue, we find it notable

that the IQE curves for different sized QDs are so similar on the hν/Eg basis, indicating

that the ability to convert high-energy photons to multiple excitons is mainly determined by

the excess energy relative to the threshold energy required to create an exciton.

We compare photocurrent results to spectroscopic results reported in prior literature

in Fig. 4.14C. We find a clear trend in peak IQE values (blue circles) that agrees well with

spectroscopic measurements (hollow triangles and squares), despite a difference of about 15%

due to intrinsic photocurrent losses. The IQE of the two devices using large bandgap QDs

(1.35 eV and 1.48 eV) exhibit peak quantum efficiencies consistent with the 85% plateau for

photon energies below the MEG-threshold and thus we estimate the intrinsic photocurrent

losses at ∼15%. We attribute these losses to electron-hole recombination before carrier

separation and collection as photocurrent, and therefore normalize the measured IQE to

these values, yielding the purple circles in Fig. 4.14C. These values compare well with

a model [8] that accounts for a competition between MEG and hot-exciton cooling (Fig.

4.14C, solid black curve, dashed curve normalized as above). Finally, we apply a least-

squares linear fit of a normalized version of the same model to the IQE for the 0.72 eV solar

cell in Fig. 4.14B, yielding ηMEG = 0.62± 0.1, and an MEG onset threshold, Eth (eq. 4.10),

Eth =

(
1 +

1

ηMEG

)
Eg = (2.61± 0.03)Eg, (4.10)
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indicating quantitative agreement with spectroscopic measurements. We believe this result

constitutes incontrovertible evidence that MEG is more efficient in PbSe QDs than in bulk

PbSe, which exhibits an MEG efficiency of only 0.31 and a corresponding onset of 4.22Eg

[8, 89]. In order to estimate the impact of MEG on the PCE, we integrate the 0.72 eV device

IQE in excess of the baseline 85% (Fig. 4.16, shaded region) against the AM1.5G solar

spectrum. We estimate that ∼1 mA cm−2, or ∼4%, of the total photocurrent arises from

MEG, consistent with previous estimates based on TAS measurements of MEG in colloidal

QDs [8]. Bulk Si PV cells could only benefit by <1% from impact ionization, and Si1−xGex

alloys could benefit by at most 2% [125].

4.5 Conclusions

The useful effects of our hydrazine treatment allow multiple carriers produced by MEG

to be efficiently collected in a solar cell made from electronically coupled QDs. To have the

largest impact on solar energy conversion efficiency, the MEG onset would have to be close

to twice the bandgap, which could lead to a bonus photocurrent contribution as high as

30% [36, 8]. The challenge is to learn how to further improve the MEG-enhanced quantum

efficiency and this will necessarily involve maximizing the MEG kinetics via chemical, di-

mensional, or architectural means, while also limiting the inelastic, phonon-mediated exciton

cooling rates. Carbon nanotubes [28, 121] and PbSe nanorods [21] have shown promising

results in this direction. Our findings are a promising first step towards breaking the single

junction Shockley-Queisser limit [96] of present-day first and second generation solar cells,

thus moving photovoltaic cells toward the third generation regime.
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Chapter 5

The Secondary Treatment

A common question I am asked when presenting the MEG device from the previous

chapter is, “what was the trick?” Unfortunately, no single “trick” can summarize what it

took to get to this point. My work built on previous efforts, most important of which was

the development of the optical model [53]. However, these only transformed a peak EQE

of 60% into a peak IQE of about 80%, and no real signature of MEG. The limitations to

this system have been detailed elsewhere, but simply put, the placement of the Schottky

barrier at the rear of the cell, and the use of EDT-only treatment, probably limited the

collection efficiency. Getting from 80% IQE to 130% IQE then was a combination of one

large development, and two smaller ones.

The first small improvement was the use of a silver busbar to lower series resistance

and aid collection of carriers from the cell. This probably accounted for about a 10% relative

improvement. The second of the smaller factors was conversion of the device from a Schottky

cell to a heterojunction cell, where the built-in field was now strongest where absorption of

MEG photons was also strongest. However, this device architecture was incompatible with

sub-1 eV bandgap QD PbSe [15], making it impossible to know if MEG was occurring in

these films. The final, most important, development of the secondary hydrazine treatment

(EDT+hy) solved that problem. EDT+hy lowered the bandgap limit to about 0.7 eV, and

raised the peak EQE from 60% to over 100%. Similarly, where before an EQE of 20% at

the first exciton was good, I could now easily achieve 40% EQE at the first exciton with the
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EDT+hy treatment. Finally, the anti-reflection coating pushed 107% to 114% or so.

The EDT+hy treatment came about as a product of very directed, intentional experi-

mentation, with perhaps one piece of good fortune. The basis from which I was working was

films treated only with EDT. A cartoon of what we believe the film to look like after EDT-

only treatment is shown in Figure 5.1. While EDT-only was known to yield decent solar

cells, amine treatments [111] were known to have higher mobilities than EDT-only. Further,

at the time EDT was believed to suppress MEG, while amine and alcohol treatments were

believed to preserve it [9]. It has now been suggested that perhaps the transient absorption

measurement used in [9] would miss the MEG signature due to reduced Auger recombina-

tion thanks to carrier mobility [1]. Regardless, because of these two results, I believed that

moving to new treatments could elicit a better solar cell that would show MEG.

Therefore, I began making the ZnO heterojunction solar cell from Chapter 3, with

the EDT-treatment replaced by a 1M hydrazine treatment. However, I immediately noted

that these solar cells exhibited good rectification, but little-to-no current. I also noted that

hydrazine could dissolve ZnO, an observation that could be seen by simple inspection of a

ZnO film soaked in hydrazine. Therefore, I decided to combine the two treatments, EDT

and hydrazine, such that I could protect the ZnO film, and still yield an improved solar cell.

I hypothesized that if I deposited a film of QDs treated by EDT, then performed a LbL

deposition of QDs with hydrazine, the original QD film could protect the ZnO film from the

hydrazine. At the time I did not realize the hydrazine would also treat the underlying QDs,

and this was a lucky break, as I will show in this chapter.

At publication in 2011, the cause of the EDT+hy improvements was not clear, and

in 2012 is still somewhat in doubt. This chapter will summarize the work done to try to

explain why the solar cells are improved with the second layer-by-layer (LbL) deposition of

hydrazine-treated quantum dots. It may contain some rather speculative arguments as well.

Some of the phenomena noted in the JV curves (Fig. 4.6) suggest possible reasons for

improved PV function. I will list the observations again here:
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unreacted. Finally, the chemical structure of unreacted EDT and hydrazine are drawn in
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(1) Elimination of crossover. The crossover of light and dark curves indicates that

conductivity is lower in the dark at forward bias. This can be because there is a

second diode opposing the primary diode in the solar cell (in this case it is a Schottky

barrier at the PbSe/Au interface), which is reduced under illumination [30].

(2) Improved fill factor and series/shunt resistance. As discussed in Section 1.2,

the fill factor is essentially defined by the shunt (Rsh) and series (Rs) resistances.

A high Rsh suggests that leakage current is low, which is often thanks to lowered

recombination in the QD film. Conversely, a lower series resistance indicates that

the whole solar stack is more conductive, which can be due to increased mobility,

more free carriers, or reduction of barriers to electrons and holes.

(3) Increased VOC and JSC . As shown in Eq. 1.29, the open circuit voltage in an

ideal solar cell is highly dependent on leakage current – again, more recombination

will contribute significantly to this. More directly, recombination current will also

cut into the short circuit current, but typically the variation is so small as to be

insignificant on the scale of Jsc.

(4) Access to smaller bandgaps. As shown in Fig. 4.6, the EDT+hy treatment allows

us to make solar cells with small bandgaps, where before the EDT-only treatment

would give fairly marginal results.

(5) Access to thicker films. In the past, solar cells were limited to less than 200 nm

thick active layers [66, 53, 45, 64]. In EDT+hy devices, I have observed that the

EQE can extend to 900 nm at or above 60% (see Fig. 5.2), a range still not observed

in solar cells to date [44].

(6) Robustness and stability. This is a difficult characteristic to effectively quantify,

but my intuitive experience has been that while day-to-day fluctuations in the as-

sembly conditions of the solar cells can ruin an EDT-only device, the EDT+hy films
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seem to yield many more successful devices.
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Figure 5.2: External quantum efficiency of thick PbSe QD solar cells treated with the
EDT+hy prep.

All of these observations together give a fairly strong suggestion that recombination

has been reduced in EDT+hy solar cells. A reduced recombination rate would account

for observations 2, 3, 4, 5, and possibly 6. The mechanism of this could simply be that

hydrazine is reducing undesirable oxides in the PbSe QD film, a process that would also

tend to compensate for day-to-day fluctuations in water and oxygen levels in the gloveboxes

(addressing observation 6). Hydrazine is known to be a very strong reducing agent. When

solar cells are simply soaked in hydrazine (without concurrent LbL deposition of QDs), they

show improvements from the EDT-only preparation (see Fig. 5.3. However, they are not as

improved as when a LbL deposition is used with the hydrazine, suggesting additional factors

are at play.

In order to look for reduction of oxides by hydrazine, we have performed x-ray pho-

toelectron spectroscopy (XPS) and secondary ion mass spectrometry (SIMS) to look for a

change in the presence of oxygen atoms with treatment by hydrazine. However, in the case

of XPS, no oxygen was detected in either the control (EDT) or test (EDT+hy) cases, while

SIMS was not in a glovebox coupled setup – meaning oxygen was introduced during loading

of the sample. XPS can typically detect down to 0.1%, so it is possible that oxygen was
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merely present at levels below the threshold. Our gloveboxes are typically kept at or below

1 ppm oxygen. We do however note about a 10% reduction in both the carbon and sulfur

(EDT) content in films treated with hydrazine (see 5.4), suggesting that hydrazine soaking

may be removing EDT ligands. This could benefit solar cells by reducing the excess anion

concentration in the film, thereby reducing the doping and defect concentration in the films.

We also observe an 80 meV drop in the core level binding energies, which could indicate

that the Fermi level of the EDT+hy film is closer to its valence band maximum, or that the

film is simply more conductive. Finally, no nitrogen was detectable in either film, suggesting

that hydrazine does not bind to the surface of the QDs.
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Figure 5.4: XPS of EDT-treated film followed by a 1M hydrazine soak.

The antioxidant effects of hydrazine are somewhat supported by ellipsometry analysis

which shows that a film deposited with EDT, then soaked in hydrazine, shows a first exciton

that is sharper than and red-shifted from the EDT-only first exciton (see Fig. 5.5). Oxidation

has the effect of shrinking the effective QD size, and so will lead to bluer first excitons.

Similarly, a narrower first exciton would suggest that while some QDs are oxidized before

hydrazine, the hydrazine reduces this non-uniformity.It is unlikely that hydrazine brings the

QDs closer together, because we expect that would red -shift and broaden the first exciton,

contrary to Fig. 5.5. We could confirm this with some demonstrations of reproducibility and

perhaps with an air-free SIMS measurement.
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The reduced recombination can be shown in time resolved microwave conductivity

(TRMC) experiments. TRMC is a tool well-used at NREL, although it is fairly uncommon

in other research labs. The measurement is like any pump-probe transient absorption ex-

periment where pulsed lasers are used, except that the probe is absorption of microwaves.

The microwave frequency and the cavity used to amplify microwaves necessarily limits the

time resolution to about 1-10 nanoseconds, but I believe that the relevant time-scale is on

the order 10s of ns to 10s of µs, depending on mobility. This is based on an estimate of the

shortest drift transit time (τ) for a carrier moving under a built-in potential difference (∆V )

of ∼ 0.5 V, thickness (t) 500 nm, and mobility (µ) between 10−1 and 10−4 cm2/V s:

τ = t/vd =
t2

µ∆V
, (5.1)

where we have used the relation for drift velocity vd = µE. Perhaps with mobilities better

than 1 cm2/V s this assumption could be challenged, but as yet no solar cell with such a high

mobility has been shown. Indeed, PbS devices typically have mobilities on the low end of

my estimate, while PbSe films are now approaching 1 cm2/V s [128, 60]. All of this analysis

neglects the diffusion transit time (τD), which we can derive using the Einstein Relation and

Fick’s Law:

t = 2
√
µkBTτD/q, (5.2)

and solving for τD

τD =
qt2

µkBT
. (5.3)

Plugging in the same range of values, we get a range for τD of 1 µs to 1 ms.

The absorption of microwaves is directly proportional to the product of the carrier

mobility with the number of free carriers:

∆G =
∑
i

µNi, (5.4)

where i can indicate both holes and electrons, as well as different types of them (e.g. carriers

with lower mobility due to trapping). In the low-fluence (i.e. solar fluence) limit we expect
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carrier-carrier interactions to be low, and so the lifetime of the TRMC signal will be mostly

due to recombination of free carriers via trapping. Therefore, we can use TRMC to estimate

the recombination rates in QD films. Some sample TRMC transients are plotted in Figure

5.6. Clearly, the EDT+hy films have a somewhat longer carrier lifetime than the EDT-only

films, suggesting that recombination has indeed been reduced.
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Figure 5.6: Time resolved microwave conductivity on EDT-only and EDT+hy films. (A)
Raw signal at the second lowest pump fluence, note enhanced signal for EDT+hy. (B)
Normalized signal to show enhanced lifetime for EDT+hy.

The fact that LbL deposition also contributes to the PV performance suggests that in

addition to the hydrazine treating the underlying EDT layer, the weakly treated hydrazine

layer is also important. We know that hydrazine is a weak ligand treatment from previous

efforts to build hydrazine-only treated solar cells: typically a 1M hydrazine treatment would

require orders of magnitude more treatment time to build films comparable to EDT-only

treatments. So, we considered the possibility that simply a weakly treated QD film would

help device performance, and tried simply depositing a thin layer of QDs (weakly treated) on

top of an EDT-treated layer 5.7. This also showed a small improvement, possibly because the
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weak treatment leaves more void and carbon-filled space between QDs, allowing thermally

evaporated gold to intercalate between the QDs. This could effectively result in a highly

doped film, narrowing the Schottky barrier and acting as a tunnel junction. This would

explain observation 1, and part of the improved Rs from observation 2.
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Figure 5.7: Effect of lightly-treated QD “buffer layer.” Films were formed with 10 cycles of
5 mM EDT, then 5 cycles of 0.2 mM EDT to emulate the slow treatment of hydrazine. The
concentration of 0.2 mM is supported as a “weak treatment” regime by reference [62].

In this picture, the populations of the A, B, and E configurations from Fig. 5.1 are

slightly reduced in favor of configuration D. The hydrazine can reduce up to four Pb+ atoms

to metallic Pb0, and provide the same number of protons to form the SH group in unreacted

EDT:

N2H4 + 4Pb+ + 4HSC2H4S− −→ N2 + 4Pb0 + 4HSC4H2SH. (5.5)



Chapter 6

Outlook and Future Directions for MEG

6.1 MEG

In the world of energy conversion strategies, photovoltaics rank fairly poorly relative

to more mechanical approaches. Power plants harvesting electrical energy from from fossil

fuels and nuclear fission are all in the range of 30-60% efficient, and hydroelectric dams

are over 90% efficient. Solar panels, meanwhile, are languishing down below 20%. To be

fair, steam engines and water wheels have hundreds if not thousands of years of use and

experimentation behind them, while solar cells have only been in existence for a little over

100 years and actively developed for less than 60 years [79].

This suggests that maybe there should still be room for solar cells to improve. Mea-

suring the collection of photocurrent benefiting from MEG is a useful step towards tackling

some of the assumptions made for the fundamental limits of solar cells. Of course, the

ηMEG in PbS and PbSe QDs is not efficient enough to have a measurable impact on PCE,

as shown in Fig. 4.16. The finding that MEG is preserved in QD solar cells is perhaps

the most important aspect of this work then, and the natural question now is how far can

this go. If the competition between cooling rates and multiplication rates can be optimized

such that ηMEG approaches unity, this could prove one promising avenue to approach the

thermodynamic limit. We can repeat the detailed balance estimate of PCE for a solar cell

with varying ηMEG, to give an idea of how close we are to an interesting regime.

Using the detailed balance limit of PCE from Chapter 3, and the MEG model in Beard
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et al. [8], I have recalculated the maximum PCE as a function of ηMEG. This calculation

requires plotting Fig. 1.13 with varying ηMEG, and picking the peak value as the bandgap

shifts. The result is plotted in Fig. 6.1, along with the known ranges for bulk semiconductors,

and values for PbSe QDs and nanorods (NRs). The ηMEG values come from fits I have

extracted from data published by others previously [98, 114, 17, 125, 89, 8, 21].
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Figure 6.1: Detailed balance limit for PCE with increasing MEG efficiency. Data points are
taken from ηMEG fits to data from refs [8, 21], and bulk ranges are based on [98, 114, 17, 125,
89]. I should point out that bulk semiconductors do not generally have tunable bandgaps,
but this reflects the range of ηMEG for most bulk materials of a range of bandgaps.

Although we should have no illusions that the progress from ηMEG = 0.88 to ηMEG = 1

will be as easy as the progress from ηMEG = 0.6 to ηMEG = 0.88, we can see that we

are entering the regime where MEG could have a truly meaningful impact on solar cell

efficiencies. Already, there are measurements suggesting that Si QDs have a better ηMEG

than PbSe NRs [7], and going to a 1D silicon structure should further improve this efficiency.

It still remains to be seen whether moving from 1D to 2D structures will also improve

ηMEG, like moving from 0D to 1D has, but syntheses for “nano-platelets” exist [43] and

are currently being explored as energy conversion materials. Further, materials with lower

dielectric constants (and therefore greater coulombic interactions), such as carbon nanotubes,

appear to also have enhanced ηMEG [28, 121]. It remains to be seen what will become of this

field, but working with structures on these scales certainly gives the motivated researcher
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many more knobs to turn.

6.2 QD Solar Cells

Even without MEG, quantum dot solar cells remain a promising technology for inex-

pensive, scalable, and efficient solar cells. Thanks to their size- and surface-tunability, it

should be possible to make efficient devices from quantum dot inks. However, even an MEG

solar cell will never be economical if the platform upon which it is based cannot break at

least 10% PCE. This means that in addition to searching for ways to maximize ηMEG, an

equivalent effort focusing on eliminating non-radiative recombination and increasing carrier

mobility is of paramount importance. Current voltages and current densities are low relative

to the bandgaps we are using. This is because parasitic losses are too much to allow for a

thick solar cell with a high voltage. An elegant way to see this is by estimating the “external

radiative efficiency” (ERE) of our QD solar cells [33]. The ERE is an estimate of how many

carriers absorbed by a solar cell are re-emitted at open circuit, where any losses are due to

parasitic non-radiative recombination. At open circuit, in the ideal case, all emission should

ideally be due to radiative recombination. ERE can be incorporated into the detailed bal-

ance calculation, and it universally reduces the maximum PCE for all bandgaps, although

small bandgaps are hurt more than large ones. ERE can be calculated from readily available

data:

ERE =
2πq

h3c2

eqVOC/kBT

JSC

∫
EQE E2 dE

eE/kBT − 1
, (6.1)

where E is integrated for all photon energies. The integrand is limited by the response of

the EQE, but generally peaks just above the bandgap of the solar cell. For the champion

4.5% solar cell presented in Chapter 4, I find an ERE of 3 × 10−5%, comparable to more

modern emerging technologies such as amorphous silicon (5 × 10−6%) and CdTe (10−4%).

Crystalline silicon cells reach as high as 0.6%, while the best GaAs is made by Alta Devices,

and records an ERE of 23% [33].
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Appendix A

Impact ionization threshold in bulk semiconductors

This Appendix is a calculation of the impact ionization (II) threshold, Eth, above

which II can occur in a single macro-semiconductor crystal. We assume the material has

symmetric parabolic bands, a direct bandgap, with effective mass me for both electrons and

holes. We conserve crystal momentum and energy, and assume a transition of an excited

electron relaxing towards the conduction band edge, while promoting another electron in the

valence band across the bandgap, as in Fig. A.1.

Ephoton
(2x)

ki

ki

kf

Figure A.1: Diagram of impact ionization in a parabolic band semiconductor
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We start with the conservation of momentum

∆kv = ∆kc, (A.1)

where the subscript v is for the electron starting in the valence band, and c is for the excited

electron in the conduction band. We can define initial (superscript i) and final (superscript

f) momenta,

kfv − kiv = kic − kfc , (A.2)

where the sign reversal indicates the electrons come from opposite sides of the parabola. We

now conserve energy,

∆Ev = ∆Ec, (A.3)

and input the energies of these states,

Eg +
h̄2

2me

[
(kiv)

2 + (kfv )2
]

=
h̄2

2me

[
(kic)

2 − (kfc )2
]
, (A.4)

where Eg is the direct bandgap. We solve Eq. A.2 for kiv in order to eliminate it from Eq.

A.4. When we substitute this into Eq. A.4, we conveniently note that only linear terms in

kic remain, and so we can solve for,

kic(k
f
c , k

f
v ) =

2meEg/h̄
2 + 2(kfc )2 + 2(kfv )2 + 2kfc k

f
v

2(kfc + kfv )
. (A.5)

This function has a local minimum for

h̄2(kfc )2

2me

=
h̄2(kfv )2

2me

=
1

6
Eg →

h̄2(kic)
2

2me

=
3

2
Eg. (A.6)

The we plug in kic to find the threshold photon energy

Eth = Eg +
h̄2(kic)

2

me

= 4Eg. (A.7)

A threshold of 4Eg is roughly consistent with known quantum yields for bulk semiconductors.

For example, in Ge the threshold is 4.1Eg, and in Si it is 3.5Eg [125, 13].



Appendix B

A personal reflection on making solar cells, with data

At NREL I have run JV curves almost 2,000 times. This does not mean that I’ve

made that many devices, but that of the many hundreds I have made, I have measured

the JV curve of a device quite a few times. After filtering down to 1,499 measurements, I

have extracted a couple interesting things. The first, most natural, thing to try is to simply

plot every PCE I have measured (Fig. B.1. When we do this, we can see that while some

progress occurred in my first two years, the only significant achievement in PCE occurred in

the beginning of my third year at NREL (I started at NREL around January 2008). This

milestone indicates when I found the secondary hydrazine treatment. We can also see that

this finding was accompanied by me making quite a few measurements (almost 100/month).

The only other observation I’d like to share are some thoughts on what day of the week

seemed to be most productive for me. I should point out that I organize my data by folders

named with the date that the device was made not when it was measured. This allows me

to see when it is best to make the device. The results seem to pretty unambiguously suggest

that weekends are the best days to work, not that I seem to have taken full advantage of this

in my dissertation. As we can see from the top histogram in Fig. B.2, Tuesday, Wednesday,

and Thursday are by far my favorite days to make solar cells, with more than 70% of my

devices made mid-week.

They are also days that yield very good solar cells, with several records set on TuWeTh

(see middle panel of Fig. B.2). However, simply because I make a lot of solar cells, we would
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Figure B.1: Best and mean PCE, chronologically. For each day a device was made, the best
device from that day is plotted (both the champion pixel and the average chip PCE).
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expect those days to have more champion devices. A better measure of when to make a

solar cell is the fraction of solar cells made on a given day are “successful.” I have somewhat

arbitrarily set that bar at 1%, and here we see an opposite trend: while I was quite prolific

mid-week, I would have been better off working on Saturdays. This could be due to a couple

things: (a) I save my most exciting or important experiments for the weekends, when I am

most motivated to come in on a weekend. (b) Since there are few other people around on

Saturdays, there are fewer disturbances in my working conditions to send experiments awry.

Further experimentation will be necessary to sort this one out.
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Figure B.2: Best days to make a solar cell. Histogram of number of devices made by day
(top), power conversion efficiency by day (middle), and success rate (fraction of devices with
PCE > 1%, bottom). In the middle panel, the horizontal lines represent every device tested,
while the red dots are the mean PCE.



Appendix C

Tips on how to do little things in the lab

C.1 How to correct for reflectance of the integrating sphere mirror

When you measure a reflectance in an integrating sphere (such as our UV-Vis-NIR

Shimadzu setup), you may sometimes use a mirror as the specular reflectance standard.

This mirror has a nonuniform and nonunity reflectance, so you will want to correct for this.

If you use the barium sulfate (or other diffuse white scattering reference), the reflectance is

likely flat and 99% across the spectrum. There is a correction factor, which is simply the

reflectance of the mirror, that you will multiply by the measured reflectance. The reason

for this can be shown by thinking carefully about how the measured reflectance (Rmeasured)

and true reflectance (Rsample) are calculated:

Rsample =
Ssample

Sbaseline/Rmirror

=
Ssample
Sbaseline

·Rmirror = Rmeasured ·Rmirror, (C.1)

where Ssample and Sbaseline are the signals measured by the Shimadzu during the reflectance

measurement. Incidentally, the measured transmittance on an integrating sphere will be

correct as is because both the denominator and numerator are multiplied by Rmirror:

Tsample =
(Sbaseline − Ssample)Rmirror

SbaselineRmirror

= Tmeasured, (C.2)

where similar naming conventions are used. The curve Rmirror was extracted in exactly the

same way as above, except we measured the reference standard mirror against a better,

calibrated Ocean Optics mirror with a known reflectance. Also, note that although the
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Shimadzu actually performs a two-beam measurement, the arithmetic involved is essentially

the same.

C.2 How to Fix the Glovebox

A regeneration of a brand new catalyst should bring O2 levels down to 0.0 ppm. If

they come down but then come up within a day or so, then you probably have a pretty

serious leak. In that case, pressurize to 14ppm, open the valves on top of the catalyst (to

bring every element of the GB to positive pressure), and try searching with the He sniffer.

Last time I did this, the He signal was 10−1 directly on the leak (I could hear it hissing),

and 10−2 within a couple inches of it. I imagine anything > 10−4 is a significant enough leak

to cause trouble.

C.3 How to fix the monochromator

Open the NI Measurement & Automation Explorer, scan for instruments under the

GPIB tab, and write down the GPIB address for the unidentified instrument. Set the new

GPIB address in both of the following Labview files:

• Program Files:National Instruments:LabVIEW 7.0:Instruments:270m:ISA USER:Start

Up.vi → ISA Util (488)

• ISA Spectrometer Setup V1.1


