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No additional shielding of the α source was required because of the relatively low flux

and the short penetration depth of the α particles. The flux of the α source was calcu-

lated to be 8.5× 106 α/cm2/s just prior to the experiment. Single devices from baseline

and QD ELO wafers were tested prior to and intermittently following increasing expo-

sure levels. Exposure times were chosen to achieve doses varying in single orders of

magnitude from 5 × 107 α/cm2-5 × 1010 α/cm2.

Figure 3.2: Can containing 210Po source.

The non-ionizing energy loss (NIEL) for an omni-directional alpha source was cal-

culated using the monte-carlo simulation software MCNPX. The calculation of dis-

placement damage dose (Dd) from alpha fluence was completed according to the

formulation developed by Summers [64], which has been shown to be an effec-

tive method to compare various types of radiation exposures. The Dd value was

calculated for upright GaAs devices with a thick substrate, but is the same in this

case for the thinner ELO device of a similar active thickness (2.5 − 3.0µm). Using a

Dd value of 0.125 MeV/g/alpha for GaAs, fluences were converted to a Dd range of

6.25 × 106 MeV/g - 6.25 × 109 MeV/g.
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3.4 RESULTS

3.4.1 Alpha Radiation

A series of alpha radiation exposures was investigated to compare the radiation toler-

ance of ELO devices with and without QDs. J-V and spectral response measurements

were taken following each exposure. J-V plots under 1-sun AM0 conditions are shown

in Figure 3.3. Solar cell metrics as a function of increasing α-particle fluence or calcu-

lated displacement damage dose lends a more insightful visual comparison between

the baseline and QD ELO devices, and will be discussed later. It can be noted from

Figure 3.3 that at lower fluences, the QD ELO cell appears to have a higher initial

threshold for radiation effects, as the first two exposure curves lie almost on top of the

curve from BOL. The QD device also has a smaller ∆Voc than the baseline from BOL

to a Dd value of 6.25 × 109 MeV/g of around 110 mV compared to 150 mV.

Figure 3.3: 1-sun AM0 J-V curves under increasing alpha radiation, given in displacement damage
dose.
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Spectral response measurements were taken at BOL and following the second

exposure, and are shown in Figure 3.4. Clearly, much of the effects of radiation expo-

sure led to a decrease in response in the base region of the device, corresponding to

a reduction in the minority carrier diffusion length in the base. As the radiative particle

imparts damage to the crystal lattice it generates defects, which increases the proba-

bility of carrier trapping and scattering. It is not until higher α fluences that a significant

degradation in response is seen at shorter wavelengths. There was a larger degrada-

tion across all wavelengths observed in the QD cell at a Dd of 6.25 × 109 MeV/g. The

MATLAB code described in the previous chapter was used to match the experimental

EQE curves and extract diffusion length values for the emitter and base regions of the

device. Figure 3.5(a) depicts extracted diffusion lengths in absolute values as a func-

tion of increasing dose, while Figure 3.5(b) shows these as normalized to the diffusion

length values at BOL. The emitter diffusion lengths track similarly for baseline and QD

ELO devices measured. While the QD cell sees a higher degradation initially in the

base diffusion length, this reduction slows with increasing dose and tracks closely to

the baseline cell.

The radiation hardness of the QD ELO cells when compared to the baseline ELO

cells is further illustrated in Figure 3.6. Figure 3.6(a) depicts remaining solar cell

figures of merit for Jsc, Voc, and Pmax for both QD and baseline ELO devices. Clearly,

up to EOL the QD ELO cell outperforms the baseline ELO cell with a slower rate of

decrease in Jsc and notably in Voc. In addition, the absolute difference of FF/FF0

results at EOL between QD and baseline samples was less than 1%. This leads to a
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Figure 3.4: EQE curves for increasing displacement damage dose from alpha irradiation.

Figure 3.5: Diffusion length values extracted from MATLAB simulations as a function of displacement
damage dose, given in absolute values (a) and as remaining factors of BOL (b).

higher η/η0 remaining factor for the QD device with respect to the baseline up to a Dd

of 6.25 × 108 MeV/g, corresponding to an alpha particle fluence of 5 × 109 α/cm2/s.

Furthermore, the EQE curves in Figure 3.4 following each radiation exposure were

used to compare the effect of bulk integrated Jsc values to sub-GaAs bandgap inte-

grated Jsc values in order to further gauge the addition of QDs on cell performance.
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Figure 3.6: (a) Remaining factor solar cell metrics under alpha irradiation for baseline and QD ELO
cells; (b) Remaining factor plot of integrated Jsc for both bulk wavelengths (300-880 nm) and sub-
GaAs wavelengths (880-1050 nm) as a function of radiation displacement damage dose for baseline and
QD cells. EOL is measured at 6 × 108 MeV/g.

Figure 3.6(b) shows integrated Jsc values obtained from the convolution of measured

spectral response with the AM0 spectrum, as explained previously, as a function of

displacement damage dose.

Clearly, there is a more consistent sub-GaAs bandedge integrated Jsc for samples

with embedded QDs. At EOL, remaining factor for the QD cell is 0.90, and for the

baseline cell is 0.62. After the GaAs band edge, collection is maintained at EOL rel-

ative to BOL. This may be due to residual compressive strain local to the QD region

resulting in decreased probability for defect formation by increasing the barrier for a

primary knock-on atom to reach an interstitial site, and has been previously observed

in upright devices with 5 QD layers [62]. In addition, Figure 3.7, which shows EQE

measurements for a QD ELO sample at both beginning of life (BOL) and EOL. It is
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Figure 3.7: EQE curve of sub-GaAs wavelengths (880-1050 nm) of a QD cell device measured prior to
and following alpha irradiation, at BOL and EOL.

evident that after 900 nm there is a negligible difference in the two curves, which indi-

cates the QDs themselves are mainly unaffected by the radiation, or interact less with

alpha particles due to occupying a smaller volume.

During the radiation study discussed in this chapter, temperature coefficients were

measured using similar techniques as described in the previous chapter. The tem-

perature study was completed in nominal temperature steps of 20 ◦C from 20 ◦C to

80 ◦C. Temperature coefficients for both the baseline and QD ELO samples were then

calculated using linear fits for experimental AM0 1-sun J-V curves. Figure 3.8 plots

each temperature coefficient for both the baseline and QD ELO samples together for

ease in comparison of the effects of QD inclusion. At end of life, it is apparent that the

QD device has better temperature coefficients for Jsc and Voc. However, a downward-

trending fill factor and Voc temperature coefficient for the QD device leads to a slightly
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higher η temperature coefficient for the baseline device.

Figure 3.8: Temperature coefficients for Isc, Voc, FF , and η plotted as a function of displacement
damage dose for both a baseline and QD ELO device.

Figure 3.9: Difference in temperature coefficients for solar cell 1-sun figures of merit between the QD
and baseline devices, shown as function of increasing displacement damage dose from α irradiation.

The trend changes between the QD and baseline devices are easily observed
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when compared by the difference between the two, as in Figure 3.9. Clearly, the

Jsc temperature coefficient is higher for the QD device. Voc and FF temperature coeffi-

cients show similar trend shapes as they exhibit trends towards lower values following

increasing dosage, although the temperature coefficient for Voc is higher for the QD

device while the FF temperature coefficient is smaller. The η temperature coefficient

is higher for the QD device up to a Dd value of approximately 1×108 MeV/g, where the

corresponding baseline temperature coefficient becomes higher. Devices in a space

environment will need to withstand high-energy particle radiation and will also be sub-

ject to temperature extremes. At high doses of radiation corresponding to an EOL Dd

of 6.25 × 108 MeV/g, the QD ELO device had a higher Jsc temperature coefficient, but

faster degradation to Voc led to a lower Voc temperature coefficient, resulting in a lower

conversion efficiency.

3.5 CONCLUSIONS

A series of alpha radiation exposures was investigated to compare the radiation tol-

erance of ELO devices with and without QDs. The QD devices outperform baseline

devices with a remaining factor increase of 2% in conversion efficiency at an end of life

alpha particle fluence of 5 × 109 α/cm2/s, corresponding to a calculated displacement

damage dose value of 6.25 × 108 MeV/g. The incident α-particles generate defects in

the crystal lattice, which increases the probability of carrier trapping and scattering.

This manifests as a drastic reduction in the minority carrier diffusion length in the base
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at high fluences. The rate of this reduction in baseline and QD ELO devices is com-

parable based on modeling of experimentally measured EQE curves via drift-diffusion

equations in MATLAB. However, QD solar cell figures of merit under 1-sun AM0 con-

ditions are higher at EOL, particularly Voc, Jsc, and Pmax. The QD device has a smaller

∆Voc than the baseline from BOL to a Dd value of 6.25 × 109 MeV/g of around 110 mV

compared to 150 mV. Furthermore, the radiation study was expanded by taking J-V

curves at several temperatures in order to extract temperature coefficients. The QD

device exhibits better Voc and Jsc temperature coefficients at EOL than the baseline

device, which leads to an overall better performing device with a larger efficiency tem-

perature coefficient. This is promising as it is advantageous for devices in solar orbits

to be both lightweight and radiation hard.
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Chapter 4

CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

InAs/GaAs QD-ELO solar cells were grown and fabricated for the first time to yield

thin solar cells with an increased collection and absorption in sub-GaAs bandgap

wavelengths due to carrier absorption into QD states. Optical and materials char-

acterization and analysis of test structures showed a successful ELO transfer with

QD structures. These devices included 10 layers of QDs, which can be extended to

increase the filling factor of the QD superlattice. Analysis of device characterization

showed a higher short circuit current density for QD cells when compared to the base-

line cell by an absolute value of 0.12 mA/cm2. In addition, integrated EQE past the

GaAs bandedge quantified the QD contribution to the short circuit current density as

0.23 mA/cm2 due to QD photocurrent enhancement. Light trapping was an important

factor in increasing the OPL of light through the superlattice, and can be optimized in
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future work to increase the efficiency of these devices. Further efficiency enhance-

ment is expected by optimizing the growth process and incorporating improved back-

side light management techniques to increase the optical path length of incoming IR

light through the QDs. A highly reflective backside mirror could ideally improve reflec-

tivity by almost 20%.

In addition, analysis of alpha radiation effects showed that the QD ELO cells have

a better radiation hardness when compared to the baseline at an end-of-life alpha

particle fluence of 5 × 109 α/cm2/s, which corresponds to a calculated displacement

damage dose value of 6.25 × 108 MeV/g. Furthermore, the QD ELO cell exhibited

larger Voc and Jsc temperature coefficients at end of life, which led to a higher η tem-

perature coefficient up to aDd value of approximately 1×108 MeV/g. Thin, flexible, and

radiation hard solar cells are immensely advantageous in a space environment where

the radiation effects of the Van Allen belts can affect cell performance over time, and

where large temperature fluctuations occur daily. These QD ELO cells are promising

candidates for development in a new ELO TJSC that could potentially outperform the

current state-of-the-art space solar cell due to increased current, radiation hardness,

and flexibility.



84

4.2 Future Work

4.2.1 Backside Reflector

As explained in previous sections, the optimization of a high-reflectance mirror on

the backside of ELO wafers could significantly improve the observed sub-bandgap Jsc

enhancement from QD states. As a preliminary step to gauge the effects of improving

the reflectivity of the backside metal, 2′′ upright wafers were grown using MOVPE on

(100) substrates misaligned 2◦ to the [110]. A single side polished (SSP) and a double

side polished (DSP) wafer, each with a 10-layer QD superlattice, were grown and

compared to a baseline (BL) solar cell with no QDs. Zn and Si were used as p- and

n- type dopants, respectively. The wafers were processed in the RIT Semiconductor

Manufacturing and Fabrication Laboratory (SMFL). Both wafers had seven 1x1 cm2

cells defined lithographically on the front side of the wafer, along with several test

structures.

The wafers were fabricated using standard III-V techniques for lithography and layer

etching. General process flow involved backside metallization, annealing of back-

side contact, frontside metallization, MESA isolation etch, contact layer removal, and

annealing of frontside contacts. Heavily doped layers were used as semiconductor

contacts. A lift-off process with a bi-layer resist was used to pattern the frontside de-

vices. Au/Zn/Au p-type metal contacts were thermally evaporated onto the front, and

Ge/Au/Ni/Au n-type metal contacts to the backside. The layer structure is shown in

Figure 4.1.
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Figure 4.1: Upright solar cell structure detailing compounds used in the layer stack.

The DSP sample was put through an initial processing step to deposit a thin layer

of approximately 160 nm of SiO2 on the backside using PECVD. This thickness was

chosen based on MATLAB simulations shown in Figure 4.2. The simulation was

run to determine the optimum thickness for the dielectric layer that would allow for

maximum reflection, as well as show the allowable amount of uncertainty in the depo-

sition process. The simulation iteratively found the optimum SiO2 thickness based on

separately maximizing reflectivity as well as current density generated under AM1.5

illumination. Additional simulations could be performed to optimize the reflectivity with

a stack including a thin back surface field layer.

An array of via holes was patterned lithographically through the SiO2 to serve as a

contact from the metal to the underlying GaAs layer, as depicted in Figure 4.3(a). This

processing step was completed first, prior to backside metallization. Ge/Au/Ni/Au

thermally evaporated contacts were selectively deposited in the via holes, and then
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Figure 4.2: (a) Simulation performed using MATLAB that optimized SiO2 thickness layer based on
maximizing reflectivity and current density; (b) FDTD simulation for a structure with and without SiO2

grading. Note that the electric field intensity is maximized at a different wavelength.

Figure 4.3: (a) Patterned back surface of a 2′′ GaAs QDSC for electrical contact; (b) experimental
reflectivity measured for a 10x QD device with and without the SiO2 dielectric layer included.

the entire backside was coated with Au for reflectivity. The SiO2 layer was used as

a dielectric grading to enhance the optical interface between GaAs and a gold (Au)

metallic reflector, and as depicted in Figure 4.3(b) dramatically increases the reflec-

tivity past 900 nm. The via lithography mask consisted of a 31x31 array of 1x1 mm2

holes spaced 0.23 cm apart, allowing for approximately 10% coverage of the total back
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surface area. The GaAs/SiO2/Au stack serves as a backside reflector to allow for mul-

tiple passes of infrared light through the QD layer, and is hypothesized to act as a

substitute for growing thicker stacks of QDs. Figure 4.4 shows experimental results

for 1-sun AM0 J-V curves and EQE calculated from spectral response, and the re-

sults are summarized in Table 4.1. Even with a thick substrate, the QD cell receives

benefits from the inclusion of the SiO2 layer, resulting in a Voc increase as well as a

subband current enhancement. This can be increased further by combining such a

reflector with a QDSC processed by ELO.

Table 4.1: 1-Sun AM0 Upright Device J-V And Integrated Spectral Response Results

Jsc Voc FF η
JSR JSR,
Bulk λ > 880 nm

( mA/cm2) ( V) (%) (%) ( mA/cm2) ( mA/cm2)

Baseline 23.7 1.06 82 14.5 23.5 0.022
10X QD (no reflector) 23.1 0.87 73 10.8 23.9 0.199
10X QD (with reflector) 22.9 0.88 75 11.1 23.8 0.237

Figure 4.4: 1-sun AM0 J-V curves (left) and EQE spectra (right) for upright 2′′ devices.
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