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Measuring the Spectral Response of a PV Cell
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Pop Quiz

Note: quiz does not count toward grade...

In which spectral region do most solar cells work best, and why?

Visible
Ultraviolet
Near-infrared
Infrared

N =



Solar Constant

Luminosity (power) of the Sun: 3.839x10% W

Energy radiates outward and at r =1 A.U. is spread evenly over an area
4nr2. In this way, one can calculate the intensity of sunlight at Earth.
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Diagram notto scale

http://www.schoolphysics.co.uk/age16-19/Nuclear%20physics/Nuclear%20energy/text/Solar_energy/index.html
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What is AM1.57

Air Mass — example (Toledo, Ohio)

Today (January 24):
From sunposition.info, at 12:15 pm today, the sun was at a zenith angle
of vy, = 33° above the horizon.

AM :L
cos @

1

AM =csc(y, )= )

Therefore, AM ~ 1.84 (at 12:15 pm, assuming a clear sky). How about June
21, at noon? In that case, y, = 63°, so that AM = 1.12.

www.sunposition.info, www.pveducation.org,
en.wikipedia.org/wiki/Air_mass_(solar_energy)



Air Mass (continued)

Illlll
AM =L %

Y

However, AM # oo when 0 = 90°

A more accurate equation for AM:

1

AM =
cos @ +0.5057(96.07995 — ) >

http://www.pveducation.org/pvcdrom/properties-of-sunlight/air-mass



AMO: the spectrum above Earth’s atmosphere

The AMO spectrum applies to satellites and high-flying aircraft, which access
the spectrum prior to any influence from Earth’s atmosphere.

Integrated spectral irradiance = 1366 W/m?.

ASTM E490 Standard AMO spectrum
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AM1.5G: reference spectrum including direct and diffuse sunlight

AM 1.5: From the equation provided for Air Mass, one calculates that cos 6 = 0.667, so
that 0 = 48.2°. This represents the zenith angle, that it, the angle relative to the direction
normal to Earth’s surface.

From the standard: “The receiving surface is defined in the standards as an inclined plane
at 37 ° tilt toward the equator, facing the sun (i.e., the surface normal points to the sun, at
an elevation of 41.81° above the horizon).” Note that 41.8° is the complement of 48.2°.

Toledo latitude: 41.6639 ° N
Integrating the energy within AM1.5G yields 1000 W m~.

ASTM G173 (AM1.5G) Standard spectrum
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Standard Solar Reference Spectra

Where do these spectra come from (where can we get them)?

Start here: http://rredc.nrel.gov/solar/spectra/

The spectra most often referenced are the AM1.5G (technically
referred to as the ASTM G-173) and the AMO (technically known as
the ASTM E-490).

Here’s a link to versions of AM1.5G and AMO spectra that are

already adjusted for 1 nm spacing between data points (see
January 24th):

http://astrol.panet.utoledo.edu/~relling2/teach/archives/4400.20
13/spring2013 phys4400.html



http://rredc.nrel.gov/solar/spectra/
http://rredc.nrel.gov/solar/spectra/
http://astro1.panet.utoledo.edu/~relling2/teach/archives/4400.2013/spring2013_phys4400.html
http://astro1.panet.utoledo.edu/~relling2/teach/archives/4400.2013/spring2013_phys4400.html
http://astro1.panet.utoledo.edu/~relling2/teach/archives/4400.2013/spring2013_phys4400.html

What's in a square meter area of sunlight?

Assuming that the receiving area is normal to the incoming sunlight:

e Power, which when integrated with respect to time sums up to Energy. For
example, 1,366 W/m? of sunlight, integrated for 1 hour, gives (1366 W/m?)*(1
hr)*(3600 s/hr)*(1 J/s per W) =4.92 x 10° J/m?2.

e Photons. A very large number of photons per second (as we will find). Each
photon with energy above a semiconductor’s bandgap can be absorbed,
boosting an electron from the valence band to the conduction band and
contributing an electron to the photocurrent of the PV cell.

ASTM G173 (AM1.5G) Standard -
spectrum
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Comparing shape of spectra, W vs. photons/s
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Is this AMO or AM1.5?
What’s going on here with the change in peak location?
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Integrating the Solar Spectrum
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Spectral Response of a typical CdS/CdTe solar cell
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Spectral Response of a typical c-Si solar cell
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Solar cell fill factor (FF)

At either “short circuit” (Isc) or “open circuit” (V) the power from the solar cell is zero. The "fill factor” (FF)
is the parameter which, in conjunction with V _and I, determines the maximum power from a solar cell. The
FF is defined as the ratio of the maximum power from the solar cell to the product of V.. and I,.. Graphically,
the FF is a measure of the "squareness" of the IV curve and is also the area of the largest rectangle which will
fit in the IV curve, as illustrated below:

Current,
Power Cell with Low Fill Factor
Isc
(Vimp, Imp)
B
FF=Imp=Ymp
Isc=VocC
= area i
area B

5 -
Voo Voltage

Graph of cell output current (red line) and power (blue line) as function of voltage. Also shown are the
cell short-circuit current (I,.) and open-circuit voltage (V, ) points, as well as the maximum power point
(Vinpr Imp)- Click on the graph to see how the curve changes for a cell with low FF.

mp/
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http://www.pveducation.org/

Solar cell efficiency

The efficiency of a solar cell (known also as the power conversion efficiency, or
PCE, and often abbreviated 7) represents the ratio where the output electrical
power at the maximum power point on the IV curve is divided by the incident
light power — typically using a standard AM1.5G simulated solar spectrum.

The efficiency of a solar cell is determined as the fraction of incident power which
is converted to electricity and is defined as:

P =VoclscFF n

maXx

where V,_is the open-circuit voltage;
where [ is the short-circuit current; and
where FF is the fill factor

where 7 is the efficiency.

In a 10 x 10 cm? cell the input power at AM1.5G is 100 mW/cm?x 100 cm?= 10 W.

: PV


http://www.pveducation.org/
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A typical resistor
shows a resistance
independent of
current and voltage
over a wide range of
values.

Ohm’s Law

Resistor color codes: an example (a 1-kilohm 5% tolerance resistor)

il

Current (l)

Runear = V/I

Voltage (V)

According to Ohm’s law, the commeon current-voltage relationship has a linear, positive slope.
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Solar cell series and shunt resistance

From http://www.pveducation.org/pvcdrom/solar-cell-operation/series-resistance

Series resistance (Rg) in a solar cell has three causes: (1) the movement of current through the front contact
and the semiconductor absorber region of the solar cell; (2) contact resistance between the metal contact and
the silicon; and (3) resistance of the top and rear metal contacts. A high series resistance reduces the fill factor,
and excessively high values may also reduce the short-circuit current.

Significant power losses caused by the presence of a shunt resistance (R, are typically due to
manufacturing defects, rather than poor solar cell design. Low shunt resistance causes power losses in solar
cells by providing an alternate current path for the light-generated current.

)

We have measured | vs. V,
so that for | in Amps and V
in Volts, the apparent
resistance (€2) at any point
on the curve is given by:
(-1)/slope. The shunt
resistance is defined at V =
0V, and the series
resistance is defined at V =
V. For optimal power
generation, solar cells
should have a large R, e
and a small RS' —— cell with series and shunt \
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http://www.pveducation.org/pvcdrom/solar-cell-operation/series-resistance

External and internal quantum efficiency

Internal and external quantum efficiency are functions of wavelength, i.e., EQE(})
and QE(L):

4 )

External quantum efficiency (EQE): Internal quantum efficiency (QE):

EQE(A) = Electrons collected as photocurrent, per second

Photonsincident, per second Electrons collected as photocurrent, per second
QE(1) =
\ / Photons absorbed, per second

The red response is
reduced due to rear
surface passivation,
reduced absorption at
long wavelengths and

4 Blue response is reduced
due to front surface recombination.

/ low diffusion lengths.
1 3 ideal quantum
efficiency

A reduction of the overall QE is
caused by reflection and a low
diffusion length. Mo light is absorbed
below the band gap
so0 the QE is zero at
long, wavelengths

/

= — o
W, | he wavelength
E

g

External Quantum Efficiency o
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http://www.pveducation.org/

Solar cell measurement: Current, or Current Density?

lsc VS. Jgc

The current produced by a solar cell depends on several parameters,
such as the incident light power and spectral distribution, the quantum
efficiency of the solar cell as a function of wavelength, and the area of
the solar cell.

To remove the effect of the area of a solar cell, one can divide the
current (such as the short-circuit current, ls-) by the area of the solar cell
typically measured in cm?. In doing so, one “calibrates” the response so
that two different solar cells (different materials, different areas)
measured under the same spectrum can be directly compared regarding
current generation and conversion efficiency.

The result is that while the short circuit current (expressed as ls-) has
units of milliAmps (mA), the short circuit current density (expressed as
Jsc) has units of mA/cm2.

: PV


http://www.pveducation.org/

Lab Goals [Time Period: Nov. 5 - 19, 2013]; refer to Lab Guide

Determine the external quantum efficiency (EQE, or spectral response) as
a function of wavelength (note that you need not measure the reflectance

spectrum to obtain EQE).
Calculate the predicted power that would be generated under AM 1.5G
and AMO illumination.

Qualitatively discuss the shape of the EQE curve (spectral response) and
suggest ways to improve the performance of the solar cell.



X-ray Diffraction and
Crystal Structures

November 5, 2013

PHYS 4580, PHYS 6/7280
The University of Toledo

Instructors: R. Ellingson, M. Heben




X-rays are electromagnetic radiation with wavelength ~1 A =10-10m
(visible light ~5.5x107 m)

X-ray generation: electrons are emitted from the cathode and
accelerated toward the anode. Here, Bremsstralung radiation
occurs as a result of the “braking” process — X-ray photons are

emitted.
= ¢
. ﬁ; Nl X-ray wavelengths too short to be
S )9 resolved by a standard optical
> grating
X I'ﬂ)‘S% :_‘—‘/
k- _,mA . 4 (1)(0.1nm
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3000 nm



The most common metal used is copper, which can be kept cool

easily, due to its high thermal conductivity, and which produces
strong K, and K; lines. The Kg line is sometimes suppressed with a

thin (=10 um) nickel foll.

« K-alpha (K,) emission lines result when an
electron transitions to the innermost "K" shell
(principal quantum number 1) from a 2p orbital
of the second or "L" shell (with principal
guantum number 2).

« The K_ line is actually a doublet, with slightly
different energies depending on spin-orbit
interaction energy between the electron spin
and the orbital momentum of the 2p orbital.

A(K,) =0.154 nm
MKp) =0.139 nm

from http://en.wikipedia.org/wiki/K-alpha
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http://upload.wikimedia.org/wikipedia/commons/d/d8/Copper_K_Rontgen.png
http://en.wikipedia.org/wiki/File:Copper_K_Rontgen.png
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http://upload.wikimedia.org/wikipedia/commons/0/0a/Bragg_diffraction.png
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Diffraction of x-rays by crystal: spacing d of
adjacent crystal planes on the order of 0.1 nm

— three-dimensional diffraction grating with
diffraction maxima along angles where reflections
from different planes interfere constructively

2dsin 6=mAform=0,1, 2, ...

Bragg’s Law

Note that your measured XRD spectra will most
likely reveal only 1%t order diffracted lines (i.e.,
those for which m =1).



Sir William Henry Bragg William Lawrence Bragg
1862-1942 1890-1971

Bragg occupied the Cavendish chair of physics at the University of Leeds from 1909. He
continued his work on X-rays with much success. He invented the X-ray spectrometer
and with his son, William Lawrence Bragg, then a research student at Cambridge,
founded the new science of X-ray analysis of crystal structure.

In 1915 father and son were jointly awarded the Nobel Prize in Physics for their studies,
using the X-ray spectrometer, of X-ray spectra, X-ray diffraction, and of crystal structure.

http://en.wikipedia.org/wiki/William_Henry Bragg


http://upload.wikimedia.org/wikipedia/commons/1/1d/Wl-bragg.jpg
http://upload.wikimedia.org/wikipedia/commons/8/83/William_Henry_Bragg_2.jpg
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Planes with different Miller indices in cubic crystals. The inverse of
these fractional intercepts yields the Miller indices h, k, |.

plane (111) plane (221)

from http://en.wikipedia.org/wiki/Miller_index


http://upload.wikimedia.org/wikipedia/commons/e/e8/Indices_miller_plan_definition.png
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Crystal structure and Miller indices
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http://www.msm.cam.ac.uk/doitpoms/tlplib/miller_indices/lattice_index.php
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Structure factor for NaCl:

Rock salt (cubic) crystal structure

E— [fNa 4 fCIeiyz(h+k+I)11_|_ei7z(h+k) 4 aiz(h) +ei7z(k+l)]

:4(fNa+ fCI)
:4(fNa_ 1:CI)
=0

If
I
If

1,
1,

1,

K, | are even
K, | are odd

K, | are mixed

X-Ray diffraction: a practical approach, by C. Suryanarayana, M. Grant Norton


http://upload.wikimedia.org/wikipedia/commons/e/eb/Sodium_chloride_crystal.png
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The value of 4, the distance between adjacent planes in the set (hk/), may be found
from the following equations.
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In the equation for triclinic crystals,
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volume of unit cell

5 = bt sint g,

545 = atc sin® i,

S5y3 = a b sin? y,

53 = abri{cos x cos B — cos y),
533 = a*belcos fcos y — cos x),

5,3 = abfe(cos y cos x — cos f).



d spacings for tetragonal, hexagonal, orthorhombic crystals

Bragg’s Iiaw (1):
d=

(1)

(2) Plane spacing
Jh2 + k2 +]? for cubic crystals
C‘ﬂmbmed (1 ) and (2):
[ nai } sin” @
= s—5 O sin ‘6
2a W+ k41

For a particular incident x-ray wavelength and cubic
crystal of unit cell size a, this equation predicts all possible
Bragg angles at which diffraction can occur from planes
(hkl).

2sm6.
a

dh.H -

—{hz +k +1%)
Aa* (1)

Diffraction planes are determined solely by the shape
and size (lattice parameters) of the unit cell.
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ay = 0.648 nm

CdTe crystal structure (zincblende)

http://en.wikipedia.org/wiki/File:Sphalerite-unit-cell-depth-fade-3D-
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CdTe XRD pattern
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X-ray diffactograms of thin films at annealing
temperatures of a) 350 C, b) 400 C and c) 450 C.

http://www.chalcogen.infim.ro/159_Deivanayaki.pdf



CdTe XRD pattern (intensity vs. 20)
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CdS XRD pattern (intensity vs. 20)

ay, = 0.5832 nm for zincblende

a=4.160; c=6.756 for wurtzite
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Scherrer Equation (relationship to Shape Factor)

KA
[ cosé

T

K is the shape factor, A represents the x-ray wavelength used for the
measurement, f3 is the line width (FWHM) in radians, 0 is the Bragg angle
(note, this is not the 26 angle, just 0), and t is the mean size of the crystalline
domains. The formula yields a lower bound on the possible particle size.

The shape factor enables one to determine the average size of crystal grains
within a polycrystalline thin film. Assuming a Gaussian function to fit the
peak, the shape factor is 0.9, so that

. 0.94
[ cosé

http://en.wikipedia.org/wiki/Scherrer Equation, http://www.eng.uc.edu/~gbeaucag/Classes/XRD/Chapter3html/Chapter3.html
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Motivation

Determine why some samples appear shiny, and
some appear matte.
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Peaks were considered if they were known CdTe peaks. Peaks
from other layers (ex. CdS) were not included.
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Peaks were considered if they were known CdTe peaks. Peaks from

other layers (ex. CdS) were not included.



Calculated Lattice Parameter (Angstroms)

Calculated Lattice Parameter
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Data points calculated using: a =

H. R. Moutinho, et. al., Proc. 26" IEEE Photovoltaic Specialist Conf., 431-434 (1997)



Lattice Parameter

6.492 [~ S —
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I i B Shiny First Location
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Calculated Lattice Parameter (Angstroms)

[ B Matte Second Location

—— Reference Powder Lattice Spacing
L 7.2 B A, Bl i  a e —————. -
1 —
BLAT B [rrrormrrrrrorsrommssssres st e —
Y =

. : . I Ir o . KA

Orientation factor calculated using: p=—X— Grain size calculated using: 1 =
X r Bcosd
Shiny First Location |Shiny Second Location| Matte First Location |Matte Second Location
Orlentatlon.Facto.rpfor (111) 1.32 1.60 500 1.90
Orientation
Average Grain size T 264.86 302.70 302.70 325.99
(nanometers)
Lattice Parameter a (angstroms) 6.4893 + 0.0010 6.4906 + 0.0009 6.4903 + 0.0011 6.4901 + 0.0009

S. Speakman, Estimating Crystal Size using

XRD., http://prism.mit.edu/xray G. B. Harris, Phil. Mag., 43, 113-123 (1951)



