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Abstract

In this work multi quantum well (MQW) solar cell efficiency enhancement by up
to 2.5% was achieved by multi-pass well absorption using patterned substrates: A
theoretical and experimental investigation of anisotropically etched structures most
suitable for light trapping in AlGaAs/GaAs MQW solar cell structures was carried
through which established that growth on patterned substrates can result in high
quality solar cell material with lightrapping properties if the problem of substrate
absorption is addressed. By modelling, the latter has been shown to be due to free
carriers and a second absorption process, which most likely can be attributed to

inter-valley scattering.
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CHAPTER1

Introduction

1.1 Background

The World’s hunger for energy is ever growing as it is one of the decisive factors for
our standard of living. For instance the present tendency to establish a ”virtual”
society apart from all its social implications means that more and more every day
actions will heavily rely on electricity.

Our main source of energy, fossil fuels, will run out eventually, even with vast new
oil and coal resources being explored constantly. The working alternative, atomic
fission, involves the serious problems of safety and waste management and other
alternatives like hot fusion are still in prototype stage and it has yet to be resolved
whether cold fusion will ever yield energy for the masses.

Apart from wind and tidal energy, the Sun has great potential to provide Earth’s

W

m2.nm

population with energy, flaring off 1373 spectral irradiation (at the distance
Sun-Earth before passing through the atmosphere). This is tantamount to 100 %

power density available in the south-east U.K. in the year’s average, a power supply

of 900 kxh per year. The problem is to gain access to this potential at reasonable
cost: Biological conversion involving photo-synthesis with a conversion efficiency!
reaching 90% seems like the perfect solution, which we are using indirectly at present
burning up our fossil fuels. Unfortunately biochemists have yet a long way to go to
actually "grow” a dedicated photosynthetical converter to satisfy our energy needs
but an organic solar cell promises the cheapest solar energy conversion possible.
So, in the meantime, there are a quite a lot of other more practical (but more

expensive) schemes around which aim for solar energy conversion at much lower con-

version efliciencies, for instance electro-chemical cells absorbing photons in dyes with

Yfor light hitting the light harvesting complex
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Introduction 1.1 Background

~10% efficiency and injecting photo-generated carriers into semiconductor material
(Ref. [Gritzel and Bonhote, 1994]). The highest efficiencies in photon conversion so
far have been attained using photonic carrier-pair excitation across the bandgap in
semiconductor solar cells which is the subject of this thesis.

Quantum Well Solar Cells (QWSC’s) are a novel approach to the enhancement
of solar cell efficiency above the theoretical limit of ~43% for single bandgap cells
([Brendel et al., 1996]), taking into account hot electron excitation. This limit is
mainly due by the mismatch of the broad solar spectrum shown in Fig. 1.1 to the nar-
row spectral response? of a single bandgap cell. As for tandem cells one employs the
approach of using materials of different band-gaps to enhance the spectral response
of a cell: While in tandem cells this is achieved by connecting two cells of different
bandgap back to back®, a QWSC features an intrinsic region (i-region) made up
of thin quantum layers of alternating low and high bandgap semiconductors grown
epitaxially (as seen in Fig. 1.2). The most common material system for growing
such structures is Al,Gai_,As as barrier-material and GaAs for the wells but other
combinations? grown by various epitaxial methods from different sources have been
studied by the QWSC group at Blackett Lab, ICSTM (Ref. [Zachariou et al., 1996]
& [Barnham et al., 1994]).

In any of these structures photons of energy below the high band-gap of the
barrier-material but above the bandgap of the well material excite electron-hole
pairs in the lower gap wells which are released thermally into the barrier-material
(see 1.2). As shown by the QWSC group (Ref. [Barnham et al., 1994]) the photo-
generated short circuit current I, is thus enhanced above that of a control cell with
an i-region composed solely of the barrier material. Furthermore the enhancement
of the open circuit voltage V,. over a cell made of the well material has been shown
(Ref. [Barnham et al., 1996]) to be more than expected from the shift of absorption

edge. Hence it has been established that efficiency superior to single-gap cells can be

2a value denoting the conversion capabilities of a cell at given wavelength, see Chapter 4

Fwhich inherently bears the problem of ensuring current continuity across the cell interface

*like lattice-matched InP/InGaAs or strained GaAs/InGaAs
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Light trapping in MQW solar cells
M. Sc. Thesis

©Lars Steinke <steinke@uni-freiburg.de>

29 November 1996 @ 19:25



Introduction 1.1 Background

achieved with QWSC’s in principle. It has to be mentioned though, that these cells
suffer from material problems which account for moderate efficiencies® around 14% in
AlGaAs/GaAs, well below the 29.5% world record efficiency tandem GalnP/GaAs
cell (Ref. [Green et al., 1996]). The most recent GaAs/InGaAs devices have raised
the maximum QWSC efficiency to ~18% (compared to a 20% efficient Ga As control
cell).

The object of this study is to increase efficiency further by enhancing light ab-
sorption in the quantum wells: GaAs quantum wells in AlGaAs absorb around 1%
of the incident photon intensity per photo-excited transition so that for 10 wells
with two possible transitions each absorb only 20% of the light® for a single pass
through the i-region. One possible approach to enhancing absorption below the bar-
rier bandgap is to incorporate more and deeper wells, but this is problematic: While
samples containing 30-50 wells of around 8 nm width have been grown, the electric
field cannot be maintained across such a large i-region if the level” of background
doping is around 102! m =3,

Thus we can see that increasing well absorption by multiple light passes through
the i-region is desirable for the GaAs/Al,_,Ga,As material system, although the
wells are not as shallow as for some of the other material systems mentioned above.
For instance in GaAs/InGaAs even more efficiency enhancement can be expected
for increasing the number of light passes. Most cost effective and also applicable to
already grown structures is a mirror on the back of the cell, sending light through the
wells for absorption a second time. This has been tried before in GaAs/InGaAs but
without the expected two-fold absorption enhancement for a metallic mirror on the
back of the substrate on which the cell structure was grown (Ref. [Barnes, 1994]).
For this reason an examination of the absorptive properties of GaAs substrate was

carried out in this work (Chapter 3).

5although higher V.. has been achieved, the current suffered from severe non-radiative recombi-
nation losses in AlGaAs

Sfor energies above the highest of the two well transitions, for the wavelengths below it is only
10% from one transition

Tusually introduced for reasons like impurities in the growth chamber or the base material
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Introduction 1.2 Shockley’s Equation applied to Solar Cells

Furthermore the QW absorption could be increased even further if more than a
second pass through the wells could be achieved: Light trapping is possible when
total reflection at GaAs-air interfaces is exploited, so this is another subject in-
vestigated in this thesis (Chapter 2). This approach relies on patterned substrates
instead of plane back mirrors as for light to be trapped, it has to traverse the struc-
ture at low angle to the top surface for total reflection. There were two possible
methods accessible for achieving light trapping which were both tried out: Either
growing a new cell on patterned substrate (Chapter 4) or patterning substrate after
a cell has been grown on top of it (Chapter 5). Although it is possible in principle
to pattern both, top and bottom cell surfaces, a decision was made against this for

reasons given in Chapter 2.

1.2 Shockley’s Equation applied to Solar Cells

This section contains a quick recapitulation of the assumptions made in Shockley’s
theory of diodes leading on to its application to solar cells and the limits in doing

80!

1.2.1 Shockley’s Theory of Diodes
Derivation of Shockley’s equation

In Appendix A.1 the Law of Mass Action is derived, the symbols have their usual
definitions (c.f. A.1):

EGap

Vnop=mn; = 2h_3(27TKBT)3/2(mZm:)3/4 . e~ 3RS (1‘1)

Therefore for intrinsic semiconductors with mj = m? it follows that n = p = n; and
Er = Egqp/2 while in case of doped material the Fermi level is shifted which results
in unbalanced carrier populations n. and py:

Ep—E'

F
Nep = MN;-€ KT (1.2)
_ EL-Bp
Pwp = N;-€ KT (1.3)
5
Light trapping in MQW solar cells ©Lars Steinke <steinke@uni-freiburg.de>

M. Sc. Thesis 29 November 1996 @ 19:25



Introduction 1.2 Shockley’s Equation applied to Solar Cells

cb .

negative space charge inhibiting
further electron flow across the junction

seperated quasi-Fermilevels
for applied external bias

Er

vb

Depth

+ +V+\
positive space charge inhibiting
r = —Tp r=0 T =Tn further hole flow across the junction
’ |

Fig. 1.3: Band energy scheme for a p-n-junction

If p- and n-doped material form a junction the two different Fermi levels align
due to the equilibrium in the diffusion and drift components of the carrier flow so
that a step of eV}; is introduced into the band energy scheme (see Fig. 1.3) which
leads to the following relation® for the minority carrier densities Ny ip0 & Prypo ON

each side of the p-n junction in equilibrium:

eV

Npo = Npo-€ KL (1.4)
_eVbi

Pno = Ppo-€ KT (15)

If this equilibrium is disturbed by application of a bias the alignment of the Fermi
levels? is suspended and the step increased or decreased by €Vj;.s. For forward bias
Equations 1.2 & 1.3 imply for both sides of the junction:

2 erwd
NpPn = NpPp = Nj - € KT

From this we can deduce the effect of applied forward bias to be injection of minority

carriers:

EWNY

1

2 “Viuwd Eqn,1.4
o n; . J . ~ gn.1.
np = g5 e KT with p, £ ppo =

n nf ~ _ i
— N—:npoznno-e KT
Pp A

8its derivation can be found in Appendix A.3
“now quasi-Fermi levels for p and n-type material respectively

6

Light trapping in MQW solar cells ©Lars Steinke <steinke@uni-freiburg.de>
M. Sc. Thesis 29 November 1996 @ 19:25
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In’ A
series resistance\) P
7
parallel
resistance -
- 7
7/
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i
\Y%
Fig. 1.4: Non-ideal diode characteristics
2 Viud Eqni1s n? _ n? =V
— o o ~ - -] [ _ P
Pn = Ton e KT with Ny = Npo o = ND = Pno = Ppo - € KT
eV,

The excess minority carriers An/p = n/p, /no-[exp

7L+ —1] recombine as they diffuse

away from the respective depletion zone boundaries!® to prevent buildup of charge

in the material. The appropriate differential equation'! for this process provides us

with an exponential spatial decay of minority carriers outside the depletion region:

Viw _ztep

np(x) = npo + Npo - [e e - 1] eVPr with V1D, =1L, (1.6)
erwd __X—Zn . .

Pa(2) = Ppno+ Pno - [eT - 1] ce VPr o with /7D, = L, (1.7)

As the electric field reaches 0 at the depletion zone boundaries the current densities

Jn = €D, Vn + enunﬁ, j_]; = —erﬁp + ep,upﬁ can be estimated solely from the

gradient of the carrier density there. Using this, Shockley’s equation for the total

current across the junction can be finally derived:

j - jp|x:—xp + ]n|x:xn

10—xp & xn

e f. Appendix A.4

Light trapping in MQW solar cells
M. Sc. Thesis

nf D, nf D, (
e | — - _I_ v . & .
Np e Ny Th

erwd
e KT

(1.8)
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Introduction 1.2 Shockley’s Equation applied to Solar Cells

The limits of Shockley’s equation

The exponent 777 is achieved for ideal diodes only. To allow for effects causing
deviation from this behaviour the ideality factor £ is introduced so that the slope
can be written U% for non-ideal regions of semi-logarithmic current-voltage char-
acteristic plots like Fig. 1.4. The following effects cause deviation from Shockley’s

equation:

1. For low currents the effect of extinction and generation of carriers in the de-
pletion zone will normally increase the current as non-ionised dopant sites
or traps might release carriers. This generation-recombination region is very
dominant for I1I-V semiconductors which is why we would expect to see an

ideality factor of & = 2 for low forward bias (see [Nelson, 1995] Section D).

2. The resistance parallel to the junction might not be large enough to prevent
leakage. Hence the actual diode is shunted at low forward bias which leads to

resistive behaviour.

3. For high currents and accordingly low diode resistance the series resistance of
the junction may have increasing effect, limiting the current to values below

the Shockley prediction.

4. Similar behaviour to the series resistance can be observed, when Shockley’s
assumption of low minority carrier injection is invalidated at high current

levels.

Typical diode behaviour demonstrating all these effects can be seen in Fig. 1.4.

1.2.2 Solar Cells

As a solar cell is a diode structure in forward bias under illumination we can apply
the results of the preceding sections to it, switching from current densities 7 to

currents I which are the measured values:

Viwd n? D n? D
I=1,-|exT —1) withI, =A- L. - R gt
(eIT )Wl e[ND Te +NA Th]

8
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Introduction 1.2 Shockley’s Equation applied to Solar Cells

-
I
DL o e ) v
Rser

Fig. 1.5: Equivalent circuit for a non-idealised solar cell

And under Illumination:

erwd
I=1,- (e T —1) — Tyen

Non-ideal solar cells

This characteristic applies to the ideal case but in reality we have to account for
resistances as shown in the equivalent circuit Fig. 1.5 and also introduce an ideality
factor £ as mentioned in Section 1.2.1 to allow for recombination, non-radiative (in-
volving impurities) and radiative (usually masked by the non-radiative one), which

for ¢Vywa > KT results in:

V—IR:er

par

I4Igen— Vg ieer
N ln( il ) = o5 (V = I Ryy) (1.9)

V=V = IRy, Ijen — Igen —

Relation 1.9 provides us with a method for extracting I, by extrapolating a loga-

rithmic dark I-V-plot (14, = 0) from oo to V = 0.

Figures of merit

The maximum power a solar cell produces is given by Fue = Lnaz © Vinaz for
d(1V)/dV|v=v,, = 0. To measure the quality of energy conversion the fill-factor F'F

is introduced as
Imal’vmal’

FF =
ISCVOC
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1le-05

Vmax

0

-1e-05 + voe -
-2e-05 | E
-3e-05 | :

Pmax
-4e-05 - .

Current [A]

-5e-05 - e
-6e-05 g

-7e-05 - §

-8e-05 =27 1

0] 0.2 0.4 0.6 0.8
Voltage [V]

Fig. 1.6: Maximum power rectangle for a typical light I-V-characteristic
so we can define the conversion efficiency #:

. Imawvmal’ _ FE- Iscvoc
B B Pin

Py, is the incident light power; F'F, I,. & V,. are high in a high efficiency cell, e.g
FF = 80 — 90% depending on parallel and serial resistance while values of I,.,V,.
depend on area and bandgap of a cell (for an example see below).

Apart from [-V characterisation it’s also important to study a solar cell’s spectral
response: Spectral response (SR) curves show what percentage of incoming photons
at energy hw are converted to an e — h pair, a value called quantum efficiency which
is defined as QF = % where j,. is the short circuit current and F the incoming
photon flux.

The figures of merit FF,V,.,I;. can be found using the respective I-V charac-
teristics for our cells at full intensity of a (1230%3) W/m? Tungsten light-source
and a 2.30- 107" m? GaAs reference cell QT510c of 18% efficiency and an ideality
factor of n = 1.85: Corrections can be made via integrating the product of mea-

sured SR and 3200 K black body spectrum!? to give an efficiency in a 1000 W/m?

AM 1.5 spectrum. The efficiency calculated in this way agreed within errors with

12 which results in a corrected value for 7.

10
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Introduction 1.2 Shockley’s Equation applied to Solar Cells

actual measurements made on QT510 in the solar simulator at NREL. This gives
us the possibility to use QT510’s calibrated values for short circuit current (80.70
pA) and open circuit voltage (0.9286 V) to adjust the light intensity of the Tungsten
source for recording light [-V characteristics of other cells at AM 1.5 conditions. Of
course this works best for other GaAs cells with similar spectral response but for
completely different materials like for instance InP the method fails completely. As
the measurements in this thesis are on AlGaAs/GaAs cells the efficiencies obtained
should be fairly close to AM 1.5.13

To illustrate the procedure, Figure 1.6 shows the maximum power rectangle for
a typical dataset. While it can be determined graphically, in practice a program fits
the maximum power rectangle to measured light I-V characteristics and then relates
the maximum power to the one of the calibrated reference cell to calculate an AM

1.5 efficiency.

Ythe correction for a more realistic value for I.. by integrating the product of spectral response
and AM 1.5 spectrum over wavelength could be made but in this thesis we only look at efficiency
values for direct comparison anyway

11

Light trapping in MQW solar cells ©Lars Steinke <steinke@uni-freiburg.de>
M. Sc. Thesis 29 November 1996 @ 19:25



CHAPTERZ2

Geometrical Considerations

2.1 Introduction

In the Introduction it was mentioned how light trapping can enhance the efficiency
of MQW solar cells in particular. Work by M.A. Green [Green, 1987] suggests that a
randomizing Lambertian back-reflector (which can be easily modelled!) would result
in maximum light trapping for isotropic incidence of light.

In a solar cell with light of mainly perpendicular incidence it has been thought
to be more effective though to use geometrical structures for light trapping. This
has been shown to be true by Green’s group using ray-tracing methods so that we
chose to employ such geometrical structures which can be produced using anisotropic
etching. The Toshiba Cambridge Research Centre Ltd. (TCRC) has used anisotropic
etching with buffered HF' to obtain grooves and dot shaped mesa- and vee-structures
in GaAs which are shown in Figs. 4.1, 4.2 & 4.3. TCRC uses such processing for
creating 0-dimensional electron gases when the side facets of a mesa are depleted
using a back-gate field. Also, when a magnetic field is applied parallel to a wafer so
that it is vertical to a ridge structure on top, interesting non-linear magnetic effects
have been found experimentally.

Apart from geometrical light trapping it is also possible to make use of diffraction
by producing a grating but the feature sizes achievable by TCRC’s etching method
(c.f. 4.1) are larger than the wavelengths of visible light® A /ng,4s in GaAs.

The growth structure of our cell designs relies on a thin p-region at the top
surface of the cells. This is to make sure most of the light is absorbed on the
i-region where light can be absorbed by bulk and QW’s and generated electron-

hole pairs are separated by the built-in junction field which is crucial for collection.

'c.f. Ref. [Yablonovitch and Cody, 1984]

2which account for most of the solar spectral irradiation as can be seen in Fig. 1.1.

12
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Geometrical Considerations 2.2 Total internal Reflection
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Fig. 2.1: Angle definitions used in Table 2.1

For this reason we could not use any top-processing approach like Green’s grooves
perpendicular to each other for top and back which have yielded best results for
light trapping. Thus it was decided to pattern the back of the p-i-n structures and

make use of total reflection from a flat top surface.

2.2 Total internal Reflection

2.2.1 Reflection from the Back

Using Fresnel’s coefficients (see Appendix B on page 58) and the angle definitions
as shown in Fig. 2.1 Table 2.2 was calculated and plotted as Fig. 2.2.

The table contains reflectivities R for the two polarisations of light calculated at
different angles of incidence for a GaAs/air interface and indicates the direction of
the reflected beam measured to the horizontal in the column for . In this chapter
horizontal and vertical shall be defined in respect to the (100) surface of the wafer.

At the critical phase angle a material, in this case GaAs, changes its refractive
behaviour to total internal reflection as indicated by the reflectivity approaching

unity rapidly at ¢, = 16.6° in Fig. 2.2.
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Geometrical Considerations 2.2 Total internal Reflection

Reflectivity

0 2 4 6 8 10 12 14 16 18
incident angle ;.

Fig. 2.2: Fresnel coefficients for o = 20° tilted GaAs back-surface

For the wedge structure shown in the figure below this means a beam of grazing
incidence from the right will be refracted at ¢, from the normal (as light paths are
reversible) and beams of higher inclination at even lower angles.

If the back surface was a mirror and

tilted by ¢, this results in the light being

reflected back to the top surface at angles

larger than ¢, which is equivalent to the to-

tal reflection condition there. This remains Fig. 2.3: Reflections from wedged
back-surface for different angles of in-

true even more for incidence from the left. .
cidence on top-surface

2.2.2 Conclusions for Light Trapping

Thus we can deduce that a ~ 16° tilted reflecting wedge on the back-surface will lead
to light trapping for at least four passes through the structure for light of normal
incidence. This angle has then been used in determining the side-angles for etching
grooves and cones into substrate as ~ 20° to allow for 15° errors arising from etchant

composition.

14

Light trapping in MQW solar cells ©Lars Steinke <steinke@uni-freiburg.de>
M. Sc. Thesis 29 November 1996 @ 19:25



Geometrical Considerations 2.2 Total internal Reflection

It has to be noted though that, unlike for the wedge, for grooves and cones
reflection at opposite surfaces can occur. This only occurs for incidence at low angles
to the horizontal as Table 2.2 shows as well — light at around vertical incidence will
be reflected away from an opposite surface which is signified by the relation v > a.
Thus the pathological case of reflection to the opposite surface and directly out of
the cell again won’t occur for the dominant normal incidence.

Also from Table 2.2 & Fig. 2.2 we can see how for the back-surface all the light
reaching the GaAs-air interface under angles ¢;,,. greater than ¢, will be reflected
back into the material totally. Therefore we can even make do without mirroring
the patterned substrate: As we can assume that the light from a flat top surface will
reach the back surface at ¢;,. = 20° (at 20° tilt) for incidence of sunlight normal to
the solar cell, total reflection from the back-surface will take place.

All these results are also applicable to AlgsGagrAs-air interfaces as the change
in refractive index® is minimal.

The reflection away from opposite surfaces for near normal incidence together
with the total reflection at the top implies guaranteed four passes of light through
the device as mentioned above.

The number of further passes can be calculated using Snell’s law as before but as
the geometry of the grooved systems is quite complicated and dependent on groove
depth, this system has to be analysed properly using ray-tracing algorithms as was
done by M. A. Green (Ref. [Green, 1987]) for Si. His results suggest that at optimal
tilt for light trapping more than 4 passes are easily achieved for grooved or pyramidal
structures. For all practical purposes in this work we can assume four passes to be
sufficient to absorb all the light at quantum well wavelengths in a 25% absorptive

20-MQW structure.

°n = 3.6 for GaAs
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Geometrical Considerations 2.3 Anti-reflective Coatings
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Rrp <©—
Rry —+-

Reflectivity
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0 I S | | | | |

0 10 | 20 30 40 50 60 70 80 90
incident angle measured from horizontal in degrees

Fig. 2.4: Fresnel coefficients for a horizontal GaAs top-surface
2.3 Anti-reflective Coatings

A final look at the reflectivities of the top-surface shows us (Table 2.1 & Fig. 2.3)
that we cannot make do without coating the devices with an anti-reflective (AR)
layer:

For 16° incidence is under the Brewster angle, the angle of minimum reflection.
Therefore this is the optimal incidence for coupling light into a solar cell. Although
100% transmission of TM polarised light is guaranteed under the Brewster condition,
still 72% of the TE polarisation is reflected and thus never have the chance of being
absorbed in the solar cell material. An AR coating is vital if this considerable
percentage of incident light is not to be lost reflectively.

For a solar cell incidence is normal to maximise the cell area facing the sun, so
that Brewster incidence could only be achieved for a top pattern of 74° inclination.
In this work we have decided to avoid double patterning due to the brittleness of
our samples and the structure of cells already grown, which only allows patterning
on the back of samples. Therefore applying AR coatings is even more crucial for

coupling light into the cells looked at in this thesis, as they lack the Brewster feature.
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¢ to (100) ¢inc ¢inc (RAD) ¢t7‘ans ¢t7‘ans (RAD) RTE RTM v
9.9998232e-11 90 1.5707963 16.60155 0.2897517 1 11 9.9998232e-11
4 86 1.5009832 16.559942 0.28902552 | 0.92018232 0.35282473 4
6.5 83.5 1.4573499 16.491773 0.28783575 | 0.87373593 0.17240542 6.5
9 81 1.4137167 16.391353 0.28608307 | 0.82986569 0.074695215 9
11.5 78.5 1.3700835 16.258921 0.2837717 | 0.78850199 0.025018745 11.5
14 76 1.3264502 16.094794 0.28090714 | 0.74956733 | 0.0039831817 14
16 74 1.2915436 15.940931 0.27822173 | 0.72011248 | 2.7345688e-06 16
19 71 1.2391838 15.673084 0.27354691 | 0.67864605 | 0.0070620718 19
24 66 1.1519173 15.130178 0.26407142 | 0.61638672 0.036795164 24
29 61 1.0646508 14.471083 0.25256804 | 0.56204426 0.07473102 29
34 56 0.97738438 13.701753 0.23914071 | 0.51487809 0.11325983 34
39 51 0.89011792 12.82898 0.22390795 | 0.47417766 0.14924099 39
44 46 0.80285146 11.860272 0.2070008 | 0.4392803 0.18147882 44
49 41 0.71558499 10.80374 0.18856084 | 0.40958254 0.20964448 49
54 36 0.62831853 9.667989 0.16873824 | 0.38454647 0.23378997 54
59 31 0.54105207 8.4620172 0.14769006 | 0.36370233 0.25412101 59
64 26 0.45378561 7.1951296 0.1255787 | 0.34664849 0.27088868 64
69 21 0.36651914 5.8768625 0.1025706 | 0.3330499 0.28433772 69
74 16 0.27925268 4.5169222 0.078835165 | 0.32263563 0.2946823 74
79 11 0.19198622 3.1251351 0.054543897 | 0.31519614 0.30209526 79
84 6 0.10471976 1.7114087 0.029869717 | 0.31058078 0.30670382 84
89.999999 le-06 1.7453292e-08 2.8571428e-07 4.986655e-09 | 0.30864198 0.30864198 89.999999

Table 2.1: Reflectivities for a horizontal GaAs top-surface
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8T

¢ to (100) ¢inc ¢inc (RAD) ¢t7‘ans ¢t7‘ans (RAD) RTE RTM
109.9 0.1 0.0017453293 0.350002 0.0061086873 | 0.30864856 0.30863539 69.9
109 1 0.017453293 3.5020024 0.061121472 | 0.3093014 0.30798262 69
108 2 0.034906585 7.0160998 0.12245404 | 0.31129544 0.30598973 68
107 3 0.052359878 10.554799 0.18421599 | 0.31467243 0.30261783 67
106 4 0.06981317 14.131469 0.24664065 | 0.31951666 0.29778781 66
105 5 0.087266463 17.760877 0.30998579 | 0.32595443 0.29138156 65
104 6 0.10471976 21.459879 0.37454555 | 0.33416401 0.28323335 64
103 7 0.12217305 25.248351 0.44066685 | 0.34439089 0.27311676 63
102 8 0.13962634 29.150535 0.50877281 | 0.35697177 0.26072502 62
101 9 0.15707963 33.197083 0.57939841 | 0.37237258 0.24564119 61
100 10 0.17453293 37.428334 0.65324766 | 0.39125149 0.22729208 60
99 11 0.19198622 41.899918 0.73129152 | 0.41456892 0.20487621 59
98 12 0.20943951 46.693163 0.81494944 | 0.44379476 0.17725075 58
97 13 0.2268928 51.93657 0.90646414 | 0.48134052 0.1427661 57
96 14 0.2443461 57.857405 1.0098022 | 0.53160757 | 0.099135767 56
95 15 0.26179939 64.940261 1.1334214 | 0.60423305 | 0.044509452 55
94 16 0.27925268 74.73768 1.3044186 | 0.7308047 | 0.0004497858 54
93.6 16.4 0.286234 81.187544 1.41699 | 0.83306884 | 0.080043778 53.6
93.5 16.5 0.28797933 83.748615 1.4616891 | 0.87823842 0.18588218 53.5
93.4 16.6 0.28972466 89.228247 1.5573267 | 0.98406538 0.821249 53.4
93.3985 16.6015 0.28975084 89.861929 1.5683865 | 0.99713029 0.96540712 53.3985

Table 2.2: Reflectivities for a grooved (o = 20°) GaAs back-surface
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CHAPTERSI

Optical Measurements

3.1 Experimental Setup & Procedure

Studies on absorption in doped GaAs-substrate were carried out using the setup in
Fig. 3.1 featuring two Bentham monochromators scanning the wavelength ranges
400 — 1100 nm and 850 — 1650 nm respectively. Transmission and reflection spectra
were obtained using a PC for controlling the monochromator and lock-in amplifier
through an IEEE-488 interface and relating the lock-in amplified solid state detector
output to wavelength. For scanning the visible range a large area Si-detector was
available while for the IR wavelengths up to 1700 nm a low bandgap material had to
be used for detection. In this setup an InGaAs detector of very high sensitivity was
employed. The very small detection area of the latter unfortunately makes focusing
a light spot on it difficult as high focal length lenses had to be used to make reflection
measurements at angles very near 90° possible. Because of this the spectra taken
using it differed noticeably from scan to scan, which was not the case with the S¢

detector.

3.2 Results

Transmission, reflection & resulting absorption (R 4+ 7 + .A = 1, see Appendix B)
of n-G'aAs are shown in Figs. 3.2 & 3.3 for the two monochromators as described in
section 3.1. The IR reflectivity shows large spread in the spectra due to the small
area InGaAs detector used. Fig. 3.4 shows how the results for the two wavelength
ranges match up.

To explain the below bandgap absorption in GaAs the Drude-Zener model for

free carrier absorption, which is derived in Appendix C, was used and the result is
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Optical Measurements 3.2 Results

Solid State Detector,

Quartz-Halogen large area Si (400-1100 nm)
lamp or InGaAs (850-1650 nm)
in reflection or
chopper transmission setup

computer controlled
= Monochromator
scanrange either
850-1650 nm
or 400-1100 nm

reference signal from chopper

spectral ouput

Fig. 3.1: Experimental setup

plotted in Fig. 3.5. The parameters used are thickness d, mobility p and dopant
density N which were provided by the characterisation unit of the EPSRC III-V
Growth Facility in Sheffield. Remarkably the measured absorption in our substrate
was much higher than predicted by the model (Fig. 3.6) and does not at all fit the
spectral shape.

From this it must be deduced that another absorptive mechanism is present
which should roughly have the inverse shape of the free carrier absorption calcu-
lated to account for the flat spectral shape of the measured absorption. One such
mechanism could possibly be inter-valley scattering of electrons into the next higher
conduction band minimum with a spacing of 25meV for GaAs along < 111> (Ref.
[Spitzer and Whelan, 1959]). The scattering process would definitely trail off for low
energies/long wavelengths which satisfies the spectral shape condition stated above.
This could not possibly be modelled in this thesis as going into k - p and scattering
theory would be beyond scope. Even so it would have still been possible to check on
the values (provided by the characterisation unit of the EPSRC I11-V growth facility
in Sheffield) for mobility p, dopant concentration N and thickness d as used for the
plot Fig. 3.6 if the experimental setup would have permitted probing wavelengths up
to 4 or 5 pm where the absorption spectrum should have fitted the spectral shape

of the now dominant free electron absorption.
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Optical Measurements 3.2 Results

Transmission

60 T
r b trans10.prn
"""" trans13.prn
40 trans14.prn
j‘ — — trans15.prn
x® Ot [ 1 trans16.prn
| trans17.prn
20 - |
0 L 1 L 1 L 1 L 1 L
800 1000 1200 1400 1600 1800
Reflection
40

reflec10.prn
S ] reflec13.prn
reflec14.prn
| — — reflec15.prn

o reflec16.prn
20 1 reflec17.prn
10
1 | 1 | 1 | 1 | 1
800 1000 1200 1400 1600 1800
Absorption
100 ‘
7 \“;‘ absorb10
e absorb13
80 w“ absorb14
| — — absorb15
o | absorb16
® 60 \, absorb17
\
40
20 : :
800 1000 1200 1400 1600 1800

Wavelength [nm]

Fig. 3.2: Optical properties of GaAs-Substrate [850-1650 nm]
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Optical Measurements 3.2 Results
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Fig. 3.3: Optical properties of GaAs-Substrate [400-1100 nm]
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Optical Measurements 3.2 Results

Transmission

60
50 - - —— trans2.prn
r b — — trans17.prn
40 B — — - trans10.prn
L — trans11.prn
X 30 - B
20 B
10 - \J/,,f/, B
0 [ ‘ ‘ ‘ A ]
0 500 2000
Reflection
50
40 + B — reflect2.prn
L 1 — — reflec17.prn
30 L | — — - reflec10.prn
o - reflec11.prn
o r - — == 7
20 - e 8
10 - B
0 . S . | .
0 500 1000 1500 2000
Absorption
100
F 1 —— absorb2
— — absorb7
80 - | ~ — ~ absorb10
L - absorb11
R® 60 - B
40 B
20 L 1 L 1 - L 1 ; L
0 500 1000 1500 2000

Wavelength [nm]

Fig. 3.4: Joint data for the wavelength intervals 400-1100 nm & 850-1650 nm
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Optical Measurements 3.2 Results
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Fig. 3.5: Theoretical free carrier absorption in n-GaAs substrate for u =
0.3 m?/(Vs), N =1.0 x 10** m™2 at varying thicknesses and wavelengths
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Fig. 3.6: Measured absorption in n-GaAs substrate and theoretical free-carrier ab-
sorption for u = 0.3 m?/(Vs), N = 1.0 x 10?* m=3, d = 500 pm
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Optical Measurements 3.3 Modelling

3.3 Modelling

The model for the free-carrier absorption was next incorporated into a simple model
aiming to understand why experimental data has not shown any enhancement in
quantum efficiency (especially not for the below bandgap region around the QW
energies) for an GaAs/InGaAs QW cell with a plane mirror on its back.

The idea was to use the quantum efficiency (QE) data (which relates the current
response of a cell to the spectrum it is illuminated with) for an un-mirrored cell and
then try to make a modelled prediction whether the free carrier absorption could
cancel out the light reflected from a back mirror before reaching the QW region
again. The basic assumptions for an idealised starting model are shown in Fig. 3.7.
From this the following calculations have been derived to be applied on the data. T

signifies the transmitted fraction of photons, A the absorbed fraction:

TQw—I—AQW: 1 with AQW:QE = TQW: 1-QF
Tswp = Tow - (1 — Aye) and Acpp = Toup - Agw

= Ag% = AQW 4+ Aenp = QF + (1 — QE)(l — Afc)AQW

The result of modelling Ag%, the quantum efficiency of QT459B Agw enhanced
by Acppn, the contribution from additional photons reflected by the mirror, is shown
in Fig. 3.8. It is important to realize that this unsophisticated model will only be
applicable for the QW absorption (wavelengths beyond the barrier band edge at 900
nm) as the assumption A = QF only applies for the wells: In the bulk region a
large percentage of photons absorbed will not contribute to the QE as they are lost
in non-radiative recombination processes. Research in the QWSC group has shown
that the probability of thermal escape from the wells at room temperature is close
to 100%.

Not surprisingly the model predicts quite some substantial enhancement in quan-
tum well QE which is not found in experiment. This shows us that free carrier ab-
sorption alone cannot account for the lack of mirror enhancement with the substrate

left on the back of the cell. It rather seems that the second absorptive process, whose
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Optical Measurements

3.3 Modelling

All absorbed carriers
collected (A=QE), i.e.

no carrier recombination

No reflective losses at
interfaces as change in
refractive index low

T
I I I I ............................................................................
I | | | Toup Substrate absorption only
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Fig. 3.7: Assumptions for modelling QE for a mirrored QWSC retaining its substrate
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Fig. 3.8: Results for modelling QE for a mirrored QWSC retaining its substrate
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Optical Measurements 3.3 Modelling

tentative identification as inter-valley scattering has yet to be verified by modelling,
has a non-negligible effect on suppressing second pass absorption in the quantum
well region and clearly all the idealised assumptions about the absence of optical
losses on the way to the mirror and back are far too optimistic.

To get a better feeling what the enhancement would be under more realistic
assumptions, a second approach to modelling QE was made: The second modelled
dataset shows the same calculation but using two times the constant 26% measured
absorption® for one pass through n-GaAs (see Fig 3.6) instead of free-carrier absorp-
tion only. This should also take into account all the optical effects the initial model
didn’t include. The result shows attenuation for the QW region due to the higher
absorption but still we do not approach the measured mirror QE for QT459B. Hence
it has to be concluded that the mirror used for QT459B must have had a reflectivity
much lower than the usual 95% for metallic mirrors. Indeed, when modelling the
QE with a back surface reflectivity? of 0.3, which is the value for a GaAs-air inter-
face, we are approaching the measured mirror QE to under 5%, the error for QE
measurements on the experimental setup used.

In any case it has to be concluded that the substrate thickness must be reduced to
virtually zero, removing the substrate right down to the active region if most of the
light not absorbed in the first pass is to be reflected back towards the quantum wells.
This could be most conveniently done for samples with an etch-stop next to the active
region (see Chapter 5) but for some existing samples (especially GaAs/InGaAs

ones) only lapping methods could be used which can reduce thickness to 50 — 80um.

Ywr = Tow - (1 — Agaas)?
Tewo = Tow - (1 — Agaas) - R (1 — Agaas)
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CHAPTERA4

Growth on patterned Substrates

4.1 Samples

4.1.1 Substrate Patterning

This section describes how a quantum well solar cell structure was grown on pat-
terned substrates. The processing sequence for patterning is listed in detail in Table
4.1. Note the importance of the final O, plasma etch which ensures cleansing of the
surface after a highly contaminating wet etching process. The etchant composition
of the HF etch gives control on side wall angles to 5% which is why we had to
raise it to nominal 25° to make sure the sidewall angle wouldn’t undercut o = 16°.

A view of the resulting substrate is shown in Fig. 4.1 other parts can be seen in
Figs. 4.2 & 4.3.

In this context it would be interesting to obtain results from a ray-tracing study
into how the light-trapping efficiency varies with angle o to have a measure on the

deterioration of the device performance due to etching uncertainties.

4.1.2 MBE Growth

Using one of the ICSTM Semiconductor IRC’s solid source MBE machines and the
growth sequence shown in Fig 4.4 U1113 is a cell grown at 630 °C’ on patterned
substrate, U1114 the control cell on a plane substrate and U1115 another control

cell grown at 430 °C' to study the migration of the Beryllium p-dopant!.

Lthis sample was not studied further as part of this work after some initial characterisation
indicated that device quality had suffered from the low growth temperature
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Growth on patterned Substrates 4.1 Samples

0.5 micron

2micron 2 micr@n

-
4 micron

Fig. 4.1: SEM micrograph of grooves etched into substrate

-
‘ 5 micron ‘

0.5 micron 1-2 micron

Fig. 4.2: SEM micrograph of cones etched into substrate
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Growth on patterned Substrates 4.1 Samples

1 micron

4

2 micron

Fig. 4.3: SEM micrograph of mesas etched out of substrate

400 A p-GaAs (2 x 108em=3) cap layer

200 A p-Aly 67Gag 33As (2 x 108em=2) window

iy 0.15 pam p-Alg 3Gag 7As (2 x 108em=3) it
400 A Aly 3Gag 7As t-region buffer 87 A GaAs
x 29 60 A Alg 3Gag7As

- 0.6 pm n-Alp 3Gag 7As (6 x 1017cm_3) 87 A GaAs -
Si nT-doped GaAs substrate

Fig. 4.4: U7113/4/5: 30 well MQW cells grown by MBE at 630 °C
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Growth on patterned Substrates 4.1 Samples

H Processing Step Variables ‘ Comments H

1 hour 150°C Bake in Oven 1 hr
15 mins Cool
Microposit Primer 6500 rpm for 10 s NO

1805 Resist 5500 rpm for 30 s
30 mins 90 °C Bake

Cool
Expose (0.6 s to 4 s) 0.5s
Develop 60 s
Wash 1 min flowing DI water (state 2) 18.2 M
(30 s - 1 min) Oxygen Ash (state time) 30 s 355 ~ 500 A
30 s-1 min HCI:H,0 (1:4) (state time) 30 s
Wash in Flowing DI water for 30 s (state ) 18.2 M
BHF:H302:H,0 (6:X:60) at T °C (state X, time | 6:3.8:60, 10.0 °C
and T) 1 m 34 s,
10.4 °C
Wash in Flowing DI for 2 mins (state Q) 18.2 M

Rinse in High Purity Acetone and then Propanal
in ultra-sound Bath for 2 minute

MP Stripper for 5 min in Ultrasonic Bath

Wash in Flowing DI water for 1 min (state Q) 18.2 M
Microwave Oy Plasma for 3 min Os ~ 5 scem,
Power ~ 30, Etch Rate 100nm/min

1 min HCI:H;O (1:4) then 1 min flowing DI water | 18.2 M
(state €2)

Calculated etch rate (A/minute): 1275

Calculated etch time (minute-seconds): 1 min 34 sec
Measured etch depth (A): 2000410

Measured facet angle(degree): ~ 25° (nominal angle)

Table 4.1: MCP Silicon doped substrate material WV 891/Si. Number 31, 2000A
etch with nominally 25° facet angle (Supplied to Christine Roberts for re-growth 18
April 1996)
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Growth on patterned Substrates 4.2 Characterisation

925 micron

545 micron

optical window

(a) Six devices mounted (b) Single device (c) Wire bonded to con-
on a TO5 header tact ring

Fig. 4.5: SEM micrographs of TO5 headers

4.1.3 Processing and Mounting of Devices

The processing of the wafers grown consisted in partially covering them with AR-
coating and defining devices on mesas using gold rings as contacts. Processed pieces
of wafer were then mounted on TOb5 headers shown in the SEI micrograph Fig.
4.5(a), Fig. 4.5(b) shows one cell blown up with size markers while Fig. 4.5(c) shows
a contact wire bonded to the Au ring. The contact pins on the back of the headers
are counted clockwise for reference, starting with 0 at the ground pin, which is
notched (see Fig. 4.5(a)). The exact processing detail are specified in Table 4.2.
One of the main problems in making devices out of U7113 was to position the
mask for mesa definition over patterned areas of the substrate, which is why the
patterned devices each come on a header of their own (unlike Fig. 4.5 (a)) as they
need individual processing. For easy reference devices defined on top of the patterned
part of the U7113 wafer have a p appended to the device number, i.e. U7113p.
Some unpatterned U7113 & U7114 devices were also provided without AR-

coating to study whether such processing has any detrimental effect on device quality.

4.2 Characterisation

I-V characteristics For characterisation current-voltage (I-V) characteristics were

recorded using a source measurement unit, both in the dark and illuminated by a
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H Processing Step ‘ Variables H
Evaporate 50% In — Ge alloy then Awu all over back 20 nm/200 nm
Alloy back contact by ramping up temperature and 420°C

subsequent cooling

Circular front contact with 600um optical window de-
fined in photo-resist, then lift off
Evaporation of front contact, sequence: Awu,Zn,Au 5 nm, 10 nm, 200 nm
Alloying of front contact (take up to T, cool down) 360°C

Steps for AR-coated devices only

Coating whole wafer with SiN, in a silane-nitrogen | ~100 nm/6.5 mins.
plasma depositor (PECVD) at 300°C

Cover wafer with photo-resist and expose over optical
window for protection

Remove unexposed resist and underlying AR coat us- 2 mins. @ RT
ing a Freon-Oxygen etch
Following steps for both, AR and non-AR devices

Definition of mesas using photo-lithography and us- 2 m/30 s
ing H B:acetic acid:potassium dichromate (1:1:1) in DI
water (14.7 g/100 ml) to etch

Cleaving and fixing devices to TO5 headers with epoxy
for wire-bonding

Table 4.2: Device processing and mounting at the EPSRC Central 111-V Growth
Facility in Sheffield as carried through by Malcolm A. Pate

Tungsten lamp. The dark I-V characteristics were used to establish the best devices

on which light I-V and all subsequent measurements were performed.

Monochromatic I-V  Fig. 4.6 shows how the optical setup discussed in Section
3.1 has been altered to allow measuring of monochromatic I-V and spectral response
curves. The Lock-In amplification cancels out the dark current which is independent
of the pulsed monochromatic light so that a monochromatic I-V curve measured
across a 100 k€2 resistor shows values proportional to the photo-generated current
I, and is related to the shift between dark and light I-V characteristic?

For a high quality solar cell I,,;, should be constant over the whole bias range up to
high forward biases, when the experiment breaks down as the diode resistance sinks
below the 100 k2 of the resistor across which the dark current is measured. Before

that happens the depletion zone boundary (DZB) on either p- or n-side (depending

note that monochromatic I-V measurements are still not fully understood and subject of ongoing
research into the behaviour of quasi Fermi levels. For instance one cannot directly measure the
generated current at constant bias as the latter will change due to the generated carriers
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Fig. 4.7: Effects of ¢-region background doping on electric field

on the charge of the background doping) reaches the i-region of the cell at lower®

biases (check Appendix A.2 for how the DZB changes with bias and see Fig. 4.7 (a))
so that carriers have to diffuse into the i-region to be accelerated by the junction
field. Thus the current will decline until the DZB reaches into the i-region at a depth
comparable to the the diffusion length, when a rapid plunge in the monochromatic
I-V curves should occur. A monochromatic I-V of that type is shown in Fig. 4.8 for
W405, a 30 well AlGaAs/GaAs MQW solar cell.

For our samples one experiences a long gradual decay (c.f Fig. 4.8) as there
seems to be a high level of background doping (usually around 102'm=3) present in

the ¢-region which causes the junction field to drop substantially across the i-region

Fas the i-region must be wide to accommodate the wells
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100
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60 U7114, Header 3, Pin 11 @ 450 nm —-—
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Fig. 4.8: Monochromatic I-V curves at different wavelengths

already. As one can see from comparison of Fig. 4.7 (a) with (b) & (c¢) the high
background doping will cause the photo-generated current to trail off much earlier
than for W405. This shows that there is a serious background doping problem with
our wafers indeed.

For cells of low diode quality the monochromatic I-V current will not show con-
stant behaviour even for reverse biases. Thus some devices exhibiting erratic be-
haviour from medium reverse biases onwards indicates early junction breakdown and
therefore lower device quality.

All the monochromatic I-V curves were measured using a wavelength of 600 nm
after it was checked via Fig. 4.8 how the monochromatic I-V curves change with
wavelength: We can deduce that the bias at which the monochromatic I-V curve
begins to show reasonably constant behaviour (~ —5% below maximum) doesn’t
vary noticeably for the three wavelengths chosen. Thus choosing that bias (the bias
should be as low as possible to avoid loss of features as demonstrated in Fig. 4.9

for the first two datasets) ensures the device is operating as a solar cell properly for
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Fig. 4.9: Spectral response comparison for varying sample bias

measuring photo-generated current over a spectrum of 400 — 900 nm.

Ideally the spectral response is measured at zero bias with a flat monochromatic
I-V beyond that point into forward bias. This was not possible for the devices
measured as the monochromatic I-V trails off early which is a sure indication for
high background doping. Thus the spectral response at zero bias is lower than for
the bias chosen as explained above (see the first and third dataset in Fig. 4.9). To
check the bias dependence Fig. 4.9 shows spectral response (SR) for one device at
changing biases, one can clearly see that the SR doesn’t vary noticeably for biases

near the monochromatic I-V maximum (last three datasets*).

Spectral Response The same setup as for monochromatic I-V characteristics
was used for recording spectral response spectra. This is done by measuring photo-
current at the bias deduced from the monochromatic [-V measurements as explained
before and relating this to the known spectral response of a St photo-detector to

eliminate optical lens aberrations, non-linearity of the grating etc. As explained

‘the step near 700 nm is due to a glitch in the correction spectrum
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Growth on patterned Substrates 4.2 Characterisation

in Section 1.2.2 spectral response (SR) curves show what percentage of incoming
photons at energy hw are converted to an e — h pair. This value naturally depends
on the optical and electrical properties of a cell and its geometry and can rise over
100% for recycling of hot carriers.

Thus, by studying its spectral response we can see how well a solar cell converts
light at given wavelengths. The low energy cutoff is due to the well bandgap (at
870 mm for GaAs at room temperature®), below which no absorption is possible
and for high energies the quantum efficiency is limited by recombination processes
as photons of short wavelengths will be absorbed in the non-depleted part of the
p-region in which the non-separated e-h-pairs can recombine non-radiatively. This
is particularly true very close to the surface where interface states promote non-
radiative recombination. At medium energies one can make out the Alps3Gag7As
bandgap® at 690 nm where the SR dips down abruptly to the step-like” quantum

well absorption with excitonic features just below the sub-band edges®.

Optimisation To favour absorption in the i-region where carrier collection is far
more efficient (see last paragraph), our p-layer was grown very thin (~diffusion
length?) and a window was incorporated to prevent photo-generated minority car-
riers from surface recombination. Such a window is usually Al;_,Ga,As of high
aluminium fraction (typically 80%) and higher p-type doping than the surrounding
material. The higher doping level pins the Fermi level to the valence band edge
so that the higher gap is accommodated by an offset in the conduction band, act-
ing as a deflector for minority electrons (c.f. Fig. 1.2). Another optimising feature
could be a graded p-region which leads to a built-in field for carrier separation and
hence to better carrier collection at short wavelengths. Another possible approach

is to grow the window directly adjacent to the ¢-region resulting in a heterojunction

S Byap(GaAs) = 1.519eV — S4BT ey for T in Kelvin (Ref. [Sze, 1981])
Sempirical relation: Egap(AlaGa)_3 As) = Egap(GaAs) +1.247 - ¢

“due to the step-like 2 dimensional density of states

Bat (sub-band energy offset - exciton binding energy)

®which for AlGaAs is very short for reasons explained later
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Fig. 4.10: Dark I-V comparison for five different sample types

cell. Intermediate wavelengths are absorbed in the space charge region so for better
spectral response at higher wavelengths extending the i-region to a maximum is a
design rule, limited by the fact that the junction field cannot be maintained across
very thick ¢-regions.

It’s also very important to have a look at the reflective properties of devices as
this is the main optical limitation which cannot be easily overcome — standard anti-
reflection (AR) coatings are rather wavelength specific due to their A/4 thickness
for which the Airy calculation shows a minimum in reflectivity for that specific

wavelength A.

4.3 Results with Substrate remaining

When studying the measured data no enhancement in current densities or spectral
response could be seen as the substrate had not been etched away yet, so there’s no
AlGaAs-air interface at the back to give rise to total internal reflection.

What we can say though, is that despite displaying some deterioration compared
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4.3 Results with Substrate remaining
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Fig. 4.11: Light I-V comparison for three AR-coated sample types
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Fig. 4.12: Comparison of spectral responses for five different sample types
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Growth on patterned Substrates 4.4 Results following Substrate Removal

to the control the material grown on top of the patterned part of the substrate still
fulfils the requirements for good solar cell material: The dark [-V curves show reason-
able diode behaviour (Fig. 4.10 — note there seems to be no change in diode quality
due to AR processing), the light I-V’s show photo-voltaic conversion very much like
the control (Fig. 4.11) and, most importantly, the spectral response (Fig. 4.12) does
not seem to have suffered considerably from the patterned substrate either. The
slightly lower SR of the patterned U7113p device might indicate a slight detrimen-
tal effect on device quality when using heavily processed patterned substrate which
is likely to introduce impurities even after undergoing plasma cleaning (c.f. Sec-
tion 4.1.1). The non-AR devices have been included in the SR plot to demonstrate
the importance of anti-reflective properties of the solar cell surface.

The reason the spectral response does not reach the levels above 80% as seen
for instance in S% though, is that Aly_,Ga,As is such a bad solar cell material in
terms of minority carrier lifetime. Because of that a high percentage of carriers
recombine non-radiatively at the abundant impurities present before collection at
the external contacts is possible. This could be remedied by changing to lattice
matched GagsolngasP or completely different material systems like InP/InGaAs

(which unfortunately has it’s own material problems with Zn dopant diffusion).

4.4 Results following Substrate Removal

Due to the tight time-scale for this project, it was decided that the final process-
ing step of etching off the substrate would only be carried out on U7113 with the
unpatterned parts acting as control for the patterned substrate devices. As I-V-
characterisation suggests U7113 device quality to be slightly inferior to the U7114
series'®, this is the only way to achieve comparable patterned and control cells !
When the devices were processed and mounted on TOb5 headers using epoxy for
fixture again, some of them had a gold mirror evaporated on their back to check

whether the samples without it actually do exhibit total reflection. The dark I-V-

YVpresumably due to the additional processing during patterning
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Growth on patterned Substrates 4.4 Results following Substrate Removal

measurements Fig. 4.13 looked promising as they compare well with the very similar
values in Fig. 4.10 and indeed enhancements in the light I-V curves can be seen (Fig.
4.14) when comparing the four new device types to the old ones with substrate.

One peculiarity about the light 1-V characteristics is that the gold mirrored
U7113p devices exhibited very low open circuit current, two of them just around
20 pA, while one would expect them to outperform the best I-V characteristics as
displayed by the non-mirrored U7113p ones. It might well be that those four devices
(which behave very differently) have been made of a particularly bad part of the
patterned wafer but to be sure of that a full investigation using SEM, SIMS and
other methods would have to be carried through. As regards the question why there
should be any problem at all with some of the devices, it was mentioned before
that the monochromatic I-V shape suggests severe background doping problems.
These haven’t occurred for previous runs on that MBE machine at the IRC but after
technical problems with the Al source dopant impurities might have been introduced.
Another possible explanation for such device behaviour could be dopant diffusion
into the i-region, which could be checked on using SIMS.

The result shown in Fig. 4.15 shows a comparison of the four new device types
and also the three ones with substrate to demonstrate the enhancement: The unpat-
terned devices’ spectral response is surprisingly similar to the patterned ones and
the gold mirror shows little difference to the epoxy case. Nevertheless we can see
quite a substantial enhancement over the spectral response before removing the sub-
strate shown in the first three datasets. There definitely is a strong mirroring effect
present in all samples with removed substrate, even the epoxy ones, as indicated by
the prominent Fabry-Perot features on top the low energy part of the spectrum.

Such features show that the top and back surface must be very plane-parallel
for the interference condition to be fulfilled in such a strong manner. Actually one
would not expect this behaviour from the patterned substrate samples but when
one takes a look at the pattern (e.g. Fig. 4.1) it’s quite obvious a high percentage

of the area is actually plane. This observation is supported by the fact that the
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Fig. 4.13: Dark I-V comparison for the four non-substrate sample types
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Fig. 4.14: Light I-V comparison for all seven AR-coated sample types
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Fig. 4.15: Spectral Response comparison for all seven AR-coated sample types

Fabry-Perot oscillations exhibit slightly lower amplitude for the patterned samples
as the low percentage of light beams which hits the inclined parts of the back surface
will not take part in the Fabry-Perot interference. This could be understood as an
indirect indication for light trapping actually occurring in the patterned samples.

As there is no total reflection for a horizontal AlGaAs-air interface at the back,
the samples with additional gold mirror should perform much better which is actually
not the case - for some reason the spectral response of the devices without mirror
(epoxy only) can keep up with the gold ones. This is rather intriguing as epoxy has
comparable refractive index (~1.5) to air and does not exhibit plasma reflection like
a metal so one would not expect higher reflectivity than 0.3 for the back surface.
Nevertheless the Fabry-Perot oscillations can be seen just as clearly as for the 95%
reflective gold mirror.

The conclusion to arrive at is that the TCRC mask sets used for patterning
quantum dots are not suitable for producing light trapping structures for QWSC

solar cells due to the too large feature spacing. To carry on this work a new mask
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set would have to be designed and written by e-beam lithography at TCRC which
produces cones and ridges of closer spacing which is apparently possible as can be
seen in the middle part of Fig. 4.1. Nevertheless the samples produced so far show
potential - simply from the second pass of light through the wells for plane mirrors
we have achieved quite impressive enhancements in efficiency as it is summed up in
Table 4.3.

Even with the absence of prominent light trapping we can also see quite a sub-
stantial enhancement over the spectral response before removing the substrate just
by enabling the two-pass mirroring. It is particularly interesting to have a closer
look at the actual SR in the QW region where the highest enhancement is to be
expected from the doubled path-length of light due to the low QW absorption: The
enhancement is indeed more pronounced below AlGaAs bandgap, as it would be
expected when considering that the bulk absorption approaches 100% while the
quantum well absorption is low (1% per allowed transition and well as a rule of
thumb). In particular the excitonic features below the lowest quantised well energy
level around 850 nm show about two fold SR enhancement but this continues right
up to the AlGaAs bandgap near 700 nm. Such good resolution of excitons at room
temperature is also an indication for very high well quality which signifies perfect
overgrowth on top of the featured substrate (see Section 4.5).

Thus it was rather impressively shown that mirroring yields the anticipated
efficiency enhancement for the quantum wells in the case of reduced substrate ab-
sorption. It can also be said that in the production of these cells a high level of
perfection in countering processing induced defects and impurities has already been
attained as the good spectral response features indicate although the comparison
with U7114 shows there is still room left for improvement. Comparing patterned
and unpatterned case one could even go further and say that the slight effect of
minimal light trapping has been indirectly documented by the lower Fabry-Perot
amplitudes. Alas, this cannot be ascertained for sure using a setup with T5% error

for the SR spectra until samples produced with the abovementioned adapted mask
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4.4 Results following Substrate Removal

before substrate removal

Sample u7113 u7113p u7ll4
Devices type AR coated | AR-coated, | AR-coated

patterned
Intensity le4+03 le4+03 le+03 | W/m?
P, 0.00023 0.00023 0.00023 | W
Area 2.3e-07 2.3e-07 2.3e-07 | m?
Ve 0.98 1.02 1.03 | V
I, -3.88e-05 -3.51e-05 -3.83e-05 | A
P 2.73e-05 2.61e-05 2.86e-05 | W
Vinaa 0.819 0.831 0.84 | V
Loz -3.46e-05 -3.17e-05 -3.46e-05 | A
FF 0.718 0.732 0.725
Efficiency 11.9 11.4 124 | %
Temperature 23.1 22.9 23.2 | °C

after substrate removal
Sample u7113 u7113 u7113p u7113p
Device type | AR-coated, | AR-coated, | AR-coated, | AR-coated,
epoxy only | gold mirror | patterned, patterned,

epoxy only | gold mirror
Intensity le4+03 le4+03 le4+03 le+03 | W/m?
P, 0.000233 0.000233 0.000233 0.000233 | W
Area 2.33e-07 2.33e-07 2.33e-07 2.33e-07 | m?
Ve 1.01 0.977 0.981 0.967 | V
I, -4.42e-05 -4.38e-05 -4.74e-05 -4.34e-05 | A
P 2.88e-05 3.05e-05 3.3e-05 3.06e-05 | W
Vinas 0.784 0.816 0.811 0.808 | V
Loz -3.71e-05 -3.86e-05 -4.18e-05 -3.9¢-05 | A
FF 0.644 0.712 0.709 0.729
Efficiency 12.4 13.1 14.1 13.1 | %
Temperature 26.6 27 26.9 27.1 | °C

Table 4.3: Comparison of efficiencies for all seven AR-coated sample types

Light trapping in MQW solar cells
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Fig. 4.16: Overgrowth on patterned substrate (dark lines are quantum wells)

set become available which should exhibit a complete lack of Fabry-Perot features

in favour of higher efficiencies due to multiple path length enhancement.

4.5 Characterisation of Overgrowth

In parallel, part of the U7113 wafer was sent to TCRC for cross-sectional SEM
studies of the overgrowth on the pattern to help identify whether imperfections have
been introduced which degrade solar cell performance. Fig. 4.16 does not suggest
this is the case as the quantum wells can be clearly seen to follow the pattern in
an undisrupted way. The micrograph is one of TCRC’s own overgrowth studies
as crossectional SEM would have involved lengthy destructive sample preparation
which couldn’t be accomplished in time. Nevertheless good overgrowth for our own
samples has been suggested by the presence of excitonic features in the SR as it was

discussed in the preceding section.
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CHAPTER®O

Patterning of MQW Solar Cell

Material

In Chapter 4 we have pursued the approach to light trapping involving MBE growth
on top of a substrate patterned by anisotropic etching. To achieve light trapping
properties the substrate had to be etched down to the pattern so total reflection
at the GaAs-air interface occurs. Now imagine the patterning step shifted to the
end of a production sequence. In this way it is possible to upgrade a ready-grown
cell to a light trapping structure by etching patterns into the substrate on its back.
Remembering the results of Chapter 3 it is crucial to reduce the substrate first to

reduce absorptive losses in it before commencing patterning.

5.1 Eliminating Substrate Absorption

Some of the group’s best solar cell material, namely QT459B, a GaAs/InGaAs cell,
was processed at the EPSRC I1I-V Growth Facility with the aim to reduce the wafer
substrate to 2-3 pm. The resulting brittleness of the 5 pm thin wafer pieces made
handling extremely difficult.

A rather brilliant solution for this problem was the use of dental floss ! Heating
the wax around the string established good contact to the brittle wafers for careful
transfer from the etching bath to glass slides. Molten wax was used again to keep
the wafers fixed on the slides. These slides were then sent to Toshiba Cambridge
Research Centre for SEM study using their cathodoluminescence (CL) stage and
patterning:

Due to the sample brittleness contact printing cannot possibly be used for trans-

fer of the mask pattern. Thus it was decided a newly installed electron beam lithog-
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Patterning of MQW Solar Cell Material 5.2 Patterning and Device Fabrication

raphy setup would be used for writing the mask pattern into e-beam resist covering

the samples.

5.2 Patterning and Device Fabrication

Before commencing patterning it was deemed important to take a look at the surface
morphology of the thin wafer pieces first, as planar isotropy is crucial for obtaining
regular patterns of the required sidewall angle by anisotropic etching. This proved
to be impossible for a long time due to technical problems with the wet pumping
system on the Oxford Instruments CL stage used on the Hitachi SEM at TCRC.

Additionally the thin wafer pieces being mounted on glass added the complication
that charge buildup is to be expected when trying to image them in the SEM. A
possible solution for that problem would be evaporation of a thin metal layer on top
of the wafers to offer the impinging electrons an opportunity to flow off to ground.
This hasn’t been tried before at TCRC so that some preparatory testing would have
to be carried through first which time would not permit.

When taking into account that vertical resolution is comparatively low for SEM’s
depending on the depth of field (resulting in a tradeoff between high vertical and
high horizontal resolution) the only way to obtain authoritative answers on surface
roughness is by cross-sectional SEM anyway. But this method involving slicing the
wafer parallel to the surface would hardly be applicable to the thin samples at hand
for reasons of handling and above all it’s destructive. After finished patterning
one then has to expect problems with the final stage of mounting the even thinner
patterned wafer pieces on T05 device headers.

Thus TCRC provided the CL micrograph Fig. 5.1 instead which shows a reason-
ably smooth surface of U7113 in cross-section. The magnification used was 30 000x
with a beam energy of 5keV. A stain etch (H303:N H4OH:H30 at ratio 19:1:200 for
10 seconds) selectively etched the GaAs in the structure to give a better contrast

with the AlGaAs in the cross-section of the structure. The micrograph gives rise to
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Patterning of MQW Solar Cell Material 5.2 Patterning and Device Fabrication

Surface

Fig. 5.1: Cross-sectional SEM micrograph of U7113 wafer

the hope that a surface flat enough for patterning might be expected for the thinned
down wafers as well. With the deadline for submission of this thesis too close it was
in the end not possible to move on to the actual processing stage.

One comes to the conclusion that this approach to achieving light-trapping in
QW solar cells is problem-ridden but with the skill displayed by the processors so
far it’s likely to succeed!. Inadvertently this will take some more time which has
the unfortunate consequence that light trapping could not be studied for devices in

existence in this thesis.

Lalthough final microscope studies of the glass slides actually revealed that one of the two wafers
had fallen into pieces completely
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CHAPTERGOD

Conclusions

The flowchart Fig. 6.1 shows the progress made in this project, the detailed summary

follows:

1. In Chapter 2 geometrical light trapping in a solar cell was investigated based
on transversal reflection from patterned back surfaces leading to internal to-
tal reflection from a flat top. As a result the optimum angle of inclination
for mesas or grooves at the rear of a solar cell with a plane top was identi-
fied as 16°. The average optical path-length enhancement exceeds the factor
4. To determine the actual path-length enhancement a ray tracing analysis,
for instance using the UNSW package Raymond, should be carried out on the
structures of interest. Clearly patterns with different slopes for adjacent reflec-
tive faces could promote such an average enhancement further by eliminating

the possibility of direct reflection out of the cell structure.

2. The measurements in the next chapter (Chapter 3) showed that absorptive
processes in doped GaAs substrate will inhibit light trapping when using mir-

roring or patterning on the back of thick substrate on which a cell was grown.

The approach of modelling this absorption as pure free-carrier absorption
showed that a second absorptive process must be present as suggested by the
spectral shape of the measured absorption spectrum for n-GaAs. This process
is most likely to be attributed to inter-valley scattering which still needs to
be incorporated into a complete theoretical model for substrate absorption.
In an attempt to emulate such a model the measured GaAs absorption was
used instead of mere free-carrier absorption which gives a better estimate of

the enhancement in the quantum well region’s spectral response to expect.
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Conclusions

Theory

Identification of suitable
light trapping scheme:

Experiment

Identification of absorbtive
processes in n-GaAs substrate:

Light trapping in MQW solar cells

Free carrier absorption and
presumably inter-valley scattering

Conclusion:/

Pettern solar cell as suggested by theory
and remove substrate as suggested by experiment

16° angles for light
trapping pattern on the back
of QW solar cells

Two possible approaches to experimental
verfication of conclusion:

DN

Patterning of
grown structures

Production of QW solar
cells exhibiting light
trapping for patterning
after growth

Use modelling for theoretical
verification of conclusion:

(Electronic modelling) (Optlcal modelllng) Growth on patterned
substrate
Free carrier Inter-valley Ray tracing
absorption . scattering
Substrate Optical
absorption ropertles

\Goal
Modelling of QWSC with
mirroring and light
trapping structures

Demonstration of successful
growth of QW solar cells
with light trapping properties
on patterned substrates

Goal:‘
Achieving high efficiency in
QWSC by enhancing QW
absorbtion using light
trapping structures

Fig. 6.1: Progress flowchart for this M. Sc. project — the shaded activities could
not been concluded as explained in the thesis
On the question of the maximum thickness tolerable for light-trapping the
conclusion was that as much substrate as possible has to be removed via etching
This leads to two approaches resulting in minimum

or mechanical methods.

substrate thickness.

In Chapter 4 it was discussed how a cell can be grown by solid source MBE
on top of a patterned substrate, which is subsequently etched down to reveal
the pattern. The most prominent result was to prove that undisrupted QW
overgrowth on top of patterned substrate is possible and shows little deterio-
ration in material quality compared to control devices on unpatterned parts
of the same wafer. The spectral response of the devices exhibits prominent
Fabry-Perot oscillations which suggests very plane-parallel top and back sur-

faces, while a loss in oscillation amplitude for patterned devices might indicate

a possible light trapping effect in comparison to the controls.
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Conclusions

The conclusion to arrive at is that the spacing of the pattern is too large for the
samples to exhibit light trapping as anticipated. Thus a new mask set with a

pattern resulting in less plane area has to be designed for future measurements.

A very puzzling question remains how a Fabry-Perot cavity has been estab-
lished for the cells without the gold rear mirror but supposedly a plain AlGaAs-
epoxy interface at the back. Clearly investigations into the properties of the
evaporated Au mirror have to be conducted as well, particularly when taking
into account that modelling carried out in Chapter 3 suggested possible prob-
lems with evporated mirrors. Also high background doping in the ¢-regions
has been encountered which indicates problems with the Al-source of the MBE

machine used might have given rise to a source of dopant impurities.

In any case a substantial enhancement in spectral response from the quantum

well region and efficiency has been achieved using plain mirroring already.

4. A second method for producing a solar cell exhibiting light-trapping consisted
in thinning down the substrate of an existing cell and defining the pattern

subsequently. This has been described in Chapter 5.

It was demonstrated using cross-sectional SIEM micrographs how a cell thinned
down by an etchant exhibits a surface flat enough for subsequent patterning
using the anisotropic etching technique employed at TCRC. It still has to
be seen though whether these very brittle wafers can withstand the potential
hazards during preparation and mounting which is paramount for experimental

verification of light-trapping using control cells.
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APPENDIX A

p-n Junctions

A.1 Intrinsic Semiconductors

To obtain carrier densities for a semi-conducting material we integrate the density
of states g(F) weighted with the statistical Fermi-Dirac carrier distribution f(F)

over all energies in valence and conduction band respectively:

n(T) = /E " g0 (E) f(E)AE

Ey
pi(@) = [ gu(B) - FE)E

o0

We employ the classical approximation of f(F) = (exp (EI:?F )+1)~1 by Boltzmann

statistics!:

E—E Ep—E

F(E)— e ®T and(1 — f(E)) — ™ &7

As g = ﬁ(Qm:)?’/z(E — Eo)1/27 gub = ﬁ(?mﬁ)?’/?(Ev — E)1/2 solving the

integrals concludes in

Nep
Ex—E
Ney = 2h_3(2ﬂ'm:KBT)3/2-e_%
Ep—E
Py = 207 32rmiKpT)*? e~ wT
Nop

which results in the Law of Mass Action:

EGap

n-p=nt=n = 2h_3(27TKBT)3/2(m2m:)3/4 <€ EIRT

A.2 The Poisson Equation at the p-n Interface

For understanding how the depletion zone around a p-n junction forms we’ll have a

look at what happens after p and n-type material have been brought into contact:

'Ee — Ep > KT, Er — Fv >» KT i.e. the Fermi energy is in the bandgap, well away from the
band edges
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p-n Junctions A.2 The Poisson Equation at the p-n Interface

After the p-n semiconductor contact at * = 0 has been established, valence band
electrons flood from the n-region into into the p-region and leave un- compensated
donors in a zone of approximate depth z, behind, accordingly the holes in the
conduction band flow from p to n-side of the junction, leaving acceptors behind in

a zone of approximate depth z,:

eNp for O<a<uz,
Psc =
—eN, for —z,<2z<0

This charge density gives rise to an electric field of triangular shape for —z, < z < 2z,

which can be calculated using Poisson’s Equation:

We can see that the maximum field at @ = 0 is given by F,q = eiz%x" = 62)7%% The

resulting potential v for —z, < 2 < z,, is given by E = —ﬁlﬁ with the boundary

conditions that ¥(—z,) = 0 ; ¥(z,) = Vi (in respect to the p-side conduction

band):
_eNg 2
¢( ) 2€p€s ($ + $p) for —Tp <ax <0
)= se
Seores (NDQC% + NA%%) - ;EJOV—EDC(OC —x,)? for 0<z<uz,

From this result we can deduce the depletion zone width w = x, + z, in thermal
equilibrium if we utilise the boundary condition ¥ (z,) = Vi;:

e(Npz? + Naz?2)

¢($n): ‘/bzz
€sc€0
€N12) 2 ar—1 eNfl 2ar—1
2€,5-€0 2€,5-€0

N, -1 . _ _
Here we have used F,,,, — Nazn — SNalp 44,4 N’ L= NA1 + NDI. Thus we can

€0€sc €0€se

rewrite this relation to obtain z, and z,:

_ 1 25055cN]Vbi . _ 1 25055cN]Vbi
Ty = m\/ig N $p— N—A\/ie (Al)
w=a,+T,=, /7250];;66‘/“
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p-n Junctions A.3 Drift & Diffusion across unbiased p-n Junctions

For pos. forward bias? the potential is changed: V; — Vj; — Viwd. We can see how

Zp,, change with the doping levels Np & N4.

A.3 Drift & Diffusion across unbiased p-n Junctions

When p- and n-type material are brought in contact to form a junction majority
carriers feel the carrier density gradient to the other material respectively. Thus
they abandon their dopant sites and travel across the junction leaving behind un-
compensated donors/acceptors which will cause a field to build up inhibiting further
flow of carriers across the interface. This zone of un-compensated dopants near the
interface is assumed to be devoid of free carriers as eventually an equilibrium will
be reached where the electric field totally inhibits the diffusive current along the

concentration gradient:

Udrift
—"— —
K ) = nEdr dn
Jn = eanE+€DnVn :0:>’u - _
D, n
7 5 5 Ed
Jp= enp,E—eD,Vp =0= Hp = @
—— Dp P

Ugrift
The carrier concentrations are n and p; g and D are carrier mobilities and diffusion
constants for the two carrier types. Using E= —6(;5, E = q¢é and n = n;e6r—o)/KT
we can rewrite jn as jn = —eniy, 6(;5%—61%%[6(]5—6@?] = 0 shows us the alignment
of the two Fermi levels (6(1517 =0) as 6(/5 must be zero to cancel out the rapid change
in n across the junction.
Although the abovementioned relations are three dimensional they assume ho-

mogeneity across the whole junction which reduces the problem to a quasi one-

dimensional one.

Einstein Relation From the current densities above we can derive a relation

between carrier mobilities and diffusion constants®. Introducing a spatially variable

2as always this applies to neg. backward bias as well
Fshown only for electrons, holes corresponding’
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p-n Junctions A.4 Recombination at the Depletion Zone Boundary

donor potential ®(z) results in a changed density of carriers

ne(z) = 202 (2emzKT)3/? - exp _%ﬂ

—

= Jp= en(ac),unE + eDnﬁn(x) =0= en(ac),unﬁ _ 66]?77“1 (2)E

We end up with p, = %&up = —%, the Einstein relations.

Making use of the last result we rewrite the relations derived from the current

densities and integrate over the depletion region with boundaries —x,, z,:

A.4 Recombination at the Depletion Zone Boundary

Minority carriers injected across the junction barrier recombine with a recombination

time 7 after crossing the depletion zone boundary (DZB) as they encounter majority

carriers there. Accounting for charge conservation we get for electrons?:

—

np(z)—npo _ _dn
Vj —eP=—2 =%

n

—

with f: eDnﬁn — en,unﬁqb = eDnﬁn as =0 at DZB
WD, ) = Mo

Using the boundary condition that the injected carries at DZB are n,(2 = —z,) =

Npo + Npo * [€XP e‘gf%d] (which assumes that the diffusion length is shorter than the

distance to a surface) we can solve this differential equation:

erwd z+2p
np(x) = Npo + Npo - |€ KT — 1| - eVreDn

Tagging /7. D, as a recombination scope L, is natural; the same steps apply for

minority holes.

*and correspondingly for holes
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APPENDIX B

Fresnel Coeflicients

Using Maxwell’s equations on the problem of a semiconductor-air interface and ap-
plying boundary conditions for field continuity yields Fresnel’s coeflicients for electro-

magnetic transmission and reflection of TFE and T'M polarisation:

sin (0; — 6;) _ 2sinf;cosb;
"TE = TS 6;+6;) "™ Sin (04 0;)
tan (6; — 60;) B 2sin 8, cos 6;
T 6;+6;) frar = sin (0; + 6;) cos (0, — 6,)

The angle of incidence (and reflection) measured to the normal is denoted 8; while
f; is the angle to the interface normal for the transmitted intensity. T'F polarisation
is defined as the electric field lying in the plane spanned up by the normal to the
interface and the direction the electro-magnetic wave travels while for TM it’s the
magnetic field doing so.

For a non-absorptive medium we can now write for the reflected and transmit-
ted electro-magnetic field intensities I = (Eo -expi(ke — wt))2 = EZ of the two

polarisations:
Irp =rig - Irg +trg - Irg 5 Ira = riag - o + toar - Irv

or for short Rrg,rar + Treyramr = 1 which expresses energy conservation as the
Poynting vector is proportional to I. If the material is absorptive, energy conserva-

tion changes this to:

Rrerm + Treyrv + Argyrvm = 1 (B.1)
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arreENDIX C

Free Carrier Absorption

In semiconductors doped above the metal-insulator transition carriers are nominally
free and absorb energy from an applied field as they experience its acceleration. Free

carriers (in our case electrons for n-doped material) obey the following equation of

dz
dt)

motion under the influence of an oscillating electric field F = Fye™™* with v =

g the carrier mobility, and 7 the carrier relaxation time (7 = mT*“)

d 4 1 _ €en —iwt
= dt—I_T_ * Eoe

On the assumption that j is of the form j = joe™™* and v = 771 it follows that:

(_W‘|‘7)‘jozef'Eo

N _ 62n
= Jo= mcy - Fo

Making use of Maxwell’s equations we relate electric field E and current density as

follows (up and ¢ defined as canonical):

= V (VE) -AF=-2 (noj+5%)
——r
=0as p=0
2
= AE = po% + =5k

On the assumption that E has the form E(x,t) = Fy -ellkz=wt) and J accordingly
—~

const.

we can solve this partial differential equation:

—k%E = —,uoiwj— c%wQE

2 _ io——ton w2 i =
=  k*= Mo o gy T 2 with ¢ = Ho€o

2 _ w? i€ 1
= k= = ucj_2 (Trzie:w (—tw+~) + 1)
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Free Carrier Absorption

As k2?2 = ‘*C’—j - 7? we can deduce the complex refractive index 7 = n + ix to be

Py (1 4 ie*n 1 ) (1)

m*eow (—iw + )

, so that the complex susceptibility é = 72 = €; + 4 - €3 is:

.2 .
6:(14—26 n(y + iw) 1 )

m*ew (v + w?)

. . _ 2 .
Using the relations v = 771 and o4, = “555 we can rewrite the real and complex

parts of € as:

- (H@z_"#):(l_i)
m*eg (72 4 w?) eo(1 4 w?T?)
o = ( hny ):(_adc )
m*eow (7% + w?) cow (1l + w?r?)

This could be rewritten yet again using the definition of w,, the plasma frequency

2 _ ng?
P T meg

(w ), so that o4, = njf = eorwz. This result will now be used to obtain

expressions for the actual real refractive index n and, more importantly for our aim

to understand free carrier absorption, the extinction coefficient «:

~2 2

nP=n?42ink -k’ =€ +iea=¢ = e =n*—kK?; & =20k

2 _ 2 _ OdcT . — Idc
= n k= (1 50(1+w272)) P 2nk = (eow(l—l—w272))
— Odc
= n= 2reow(l4w?72)

As k = %(n 4+ ix) we finally end up with the result for the absorption coefficient «

due to absorption by free carriers:

E=Fp- ei(%nw—wt)—Qn%m/?

3 - [CU— Odc WLNeql -1 ._%dc cr:_nep, L . eu
with —a =2xk c = nceg(1+w?732) €q (CGO) nw?t?2 T ceg (wT)? (CQ)
376.7Q
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