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ABSTRACT

The purpose of this thesis is to investigate the nonlinear phenomena known as doubly-stimulated,
non-degenerate two-photon emission (ND-2PE) in Gallium Arsenide (GaAs). 2PE refers to the
simultaneous emission of two-photons as electrons move from the conduction band in a direct
gap semiconductor to the valence band. Following the same path for describing one-photon
emission (1PE) we describe 2PE as a product of the irradiance, I, and the negative of the loss
which in this case is two-photon absorption, a,, the negative coming from the population
inversion. We attempt to observe 2PE by using a frequency non-degenerate pump-probe
experiment in which a third beam optically excites a 4 um thick GaAs sample. We use non-
degenerate beams in hopes of utilizing the 3-orders of magnitude enhancement seen in two-
photon absorption (2PA) by going to extreme nondegeneracy (END) to enhance 2PE. GaAs is
chosen due to the availability of the appropriate wavelengths, the maturity of the GaAs

technology, its use in optoelectronic devices and its ability to be electrically pumped.

During the experimental development we learn how to effectively etch and manipulate thin
GaAs samples and model the transmission spectrum of these samples using thin film
transmission matrices. We are able to match the measured transmission spectrum with the
theoretical transmission spectrum. Here we etch the bulk GaAs left on the sample leaving only
the 4 um thickness of molecular beam epitaxial grown GaAs plus additional layers of aluminum
gallium arsenide (AlGaAs). These samples were grown for us by Professor Gregory Salamo of

the University of Arkansas.



Using the pump-probe experiment on the 4 um GaAs sample, we measure the change of the 2PA
due to the presence of optically excited carriers. The goal is to reduce the 2PA signal to zero and
then invert the 2PA signal indicating an increase in transmission indicative of 2PE when the
population is inverted. Our results show that we achieve a 45% reduction in the 2PA signal in a
4 um thick GaAs sample due to the excited carriers. Unfortunately, we currently cannot
experimentally determine whether the reduction is strictly due to free-carrier absorption (FCA)

of our pump or possibly due to a change in the two-photon absorption coefficient.

We measure the transmission of various wavelengths around the bang gap of GaAs as a function
of excitation wavelength and achieve a transmittance of ~80% which we attribute to possibly be

one photon gain (1PG) at 880 nm.

We also go to cryogenic temperatures to concentrate the carriers near the bottom of the
conduction band and improve the theoretical gain coefficient for 2PE. Unfortunately, we do not

observe a measurable change in 2PA with the addition of optically excited carriers.

Along with FCA of our infrared pump we suspect that the difficulties in this first set of
experiments are also a result or radiative recombination due to amplified spontaneous emission
reducing our free carrier density along with the fact that 4 um is too thick for uniform excitation.
We now have 1 um samples from Professor Gregory Salamo which we hope will give better and

more definitive results.
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CHAPTER 1: INTRODUCTION

1.1 Research Motivation

Early in the 1930°s Maria GOppert-Mayer [1] laid the foundation of multi-photon processes
through her research in both the simultaneous absorption and emission of two energy quanta by
an electron. The simultaneous absorption of two energy quanta has become known as two-
photon absorption (2PA). The inverse process of 2PA is known as two-photon emission (2PE),
where an electron concurrently loses energy through an emission of two-photons. 2PE, while
similar to that of single photon emission in terms of the stimulated photons having the same
properties as the stimulating photons, has some innate differences. Perhaps the most major of
these differences is that the energy quanta released in a 2PE process can contain any sum of two
energies equal to the transition energy, i.e. hw, + hw, = hw,. There are several types of 2PE
processes; spontaneous 2PE, singly-stimulated 2PE and doubly-stimulated 2PE. Spontaneous
2PE is the spontaneous emission of two-photons. Singly-stimulated 2PE occurs when a photon
of energy less than the energy of the transition stimulates a photon of the same energy while
spontaneously emitting a photon with complimentary energy such that the sum is equal to the
transition energy. Doubly-stimulated 2PE is where two-photons with an energy sum equal to the
transition energy, but each with energy less than the transition, stimulate the emission of a pair of
photons, each with the characteristics of the stimulating photon,. Figure 1 shows a diagram of

each of these processes.
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Figure 1- 2PA (A), Spontaneous 2PE (B), singly- stimulated 2PE (C), doubly-stimulated 2PE (D)

Consequently, 2PE can release an entire spectrum of frequencies so long as each individual
frequency is less than w, and the sum is equivalent to wy, i.e. the process allows for tunability
[2, 3]. If the frequencies of the photons in the multi-photon process are the same, i.e. w, = w,, it
is referred to as a degenerate photon process. However, if the frequencies are different, w, # w,,

the process is referred to as a non-degenerate photon process.

Multi-photon processes have been of interest in the research community particularly for optical
switching [4], optical limiting [5] and frequency conversion [6, 7]. 2PE became of interest in
1940s when Breit and Teller [8] theorized that the lifetime of the metastable 2s state of hydrogen
was dominated by the spontaneous 2PE process. This was important at the time for explaining
the spectrum of nebulae that were comprised mostly of hydrogen. Like most other nonlinear
phenomena, 2PE could not be reproduced until the advent of the laser in 1960 [9]. After the
development of the one photon laser in the 1960’s, Sorokin and Braslau [10] and Prokhorov [2]
both suggested the development of a two-photon laser (2PL). Currently, the 2PE process is under
investigation to create a solid state two-photon gain (2PG) amplifier and eventually a solid state

2PL. Previous research has shown that the 2PG amplifier would demonstrate a variety of traits



including pulse compression [11, 12], entangled photons [13] and the requirement of an injection

signal to initiate lasing [10, 14] all as a result of the nonlinearity of the 2PE process.

Up until recently, most of the work in creating a two-photon amplifier and two-photon laser has
utilized metastable hydrogen and helium energy states [15, 16] and dressed state gases including
barium [14] and potassium [17]. Recently, however, there has been a significant push to use
semiconductors as a 2PG media, one in particular, Gallium Arsenide (GaAs) [18]. GaAs’s large
inherent nonlinear properties, the maturity of the GaAs technology, use in optoelectronic devices
and the ability to be electrically pumped are some of the particular reasons why GaAs was
chosen for this experiment. The intention of this work is to observe non-degenerate, doubly-
stimulated 2PE in bulk GaAs. The method of observation is a three beam pump-probe
experiment discussed in Chapter 3. Experimental results including single photon gain and two-
photon gain in GaAs are discussed in Chapter 4; conclusions and future work are discussed in

Chapter 5.

1.2 History

Maria Goppert-Mayer [1] developed the theory for 2PE when she constructed her theory on
mulitphoton transitions. Not long after this 2PE was considered by Breit and Teller [8] as the
explanation for the emission spectrum of nebulae. They conjectured that the metastable 2s state
of hydrogen was dominated by the 2PE process which would lead to a peak in the emission
spectrum over the range of 390-480 nm [19]. Since then spontaneous, singly-stimulated and
doubly-stimulated two-photon emission processes have been observed. In 1968 Yatsiv, Rokni

and Barak observed singly-stimulated 2PE between the 6s to 4s states of Potassium [17]. The



electrons were excited to the 6s state through 2PA using a ruby laser and stimulated Raman
emission from nitrobenzene. 2PE was induced by subjecting the potassium vapor to Raman
scattered radiation from a Ruby laser of a frequency close to that of the transition from 6s to
4s3,, radiation of the stimulating frequency was subsequently emitted, w,, along with radiation
of the complimentary frequency, w,, such that w, = w, — w, where w, is the frequency of the

transition from 4s to 6s. Figure 2a depicts this system.

(b)

(a)

Figure 2 - Singly-stimulated 2PE in potassium [17]

Figure 2b shows three distinct emission lines: emission from the 5P, to the 4S state, from the
5P312 to the 4S state and from 10 cm ™! above the 5Ps, state to the 4S state corresponding to the
complimentary frequency w,;,. The author proved that this was indeed due to 2PE by replacing
the nitrobenzene with bromonaphthalene which did not satisfy the two-photon excitation of the

6S state and consequently w,, was not observed. The doublet structure observed in the spectrally



resolved transition in figure 2b from the 5P3, to the 4S state was apparently due to high vapor

pressure and disappeared when the pressure was reduced.

Subsequently, singly-stimulated 2PE was also observed by Braiinlich and Lambropoulos from
the metastable 2s state of deuterium atoms [15]. Stimulated anti-Stokes Raman scattering was
also observed in the experiment and it was shown that it is a competing process of 2PE [16]. Not
long after the observations of singly-stimulated 2PE, doubly-stimulated non-degenerate 2PE
(ND-2PE) was observed through adiabatic inversion by Loy [20]. Loy used an asymmetric
external electric pulse (Stark-pulse) to Stark shift the two-photon resonance of ammonia (NHz)
and sweep it through the sum of two laser frequencies. The stimulating beams were an intense
beam at the P34 line of a CO, TEA laser and a weaker counter-propagating beam at the P18
line, approximately 10.6 um each. The P34 and P18 while technically different beams are nearly
degenerate, since the energy difference is approximately 1.6 % [21]. The sum of these two
frequencies lies close to the two-photon transition in ammonia. Figure 3 shows the transmission
of the weak beam as the electric field was applied. When the Stark-pulse is rising and the two-
photon transition frequency is Stark shifted through resonance, a large 2PA feature appears. As
the Stark-pulse is falling, the two-photon transition frequency is tuned back through resonance
yielding another 2PA feature in figure 3 (a). This measurement was done at 100 mTorr, where
due to the “high” pressure, collisions dominated the decay time and the stark pulse was longer

than the lifetime of the final state.
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Figure 3 -Rising stark pulse induces a reduction of transmission due to 2PA, and a falling Stark
pulse induces 2PA in 100 mTorr NH3 (Top), rising Stark pulse induces 2PA and falling stark
pulse yields 2PE in 9 mTorr NH3 (bottom) [20]

The pressure of the system was then lowered to 9 mTorr, thereby increasing the decay time,
since there were fewer collisions. As a result of this increase in lifetime the falling edge of the
Stark-pulse yields doubly-stimulated ND-2PE of only about 0.2% gain shown in figure 3 (b).
Loy proved it was in fact 2PG by showing that the signal disappeared in either the absence of a
strong beam on the system or if the Stark pulse did not probe the NHz in a time shorter than the

lifetime of the carriers in the two-photon transition state.

Fourteen years later Gauthier, Wu, Morin and Mossberg demonstrated the degenerate continuous
wave (CW) two-photon laser (2PL) in dressed state Barium atoms [14]. The dressed states are
shown in figure 4 where degenerate 2PG (D-2PG) occurs at w; — Q/2 between states |—,n +
1) and |+,n — 1) where Qj is the generalized Rabi frequency of the system. The experimental
setup shown in figure 5 uses an atomic beam of Barium atoms primed by the pump beam at

553.5nm 1S, » 1P, transition. The gain in these dressed states arises from hyper-Raman

6



scattering shown in figure 4, where in one photon lasing, two pump photons are annihilated and
one probe beam photon is created in the transition from state |g) to state |e) , see figure 4a. In
the case of two-photon lasing, three pump photons are absorbed and two probe photons are

created shown in figure 4b.

Figure 4- Photon emission (1PE) with annihilation of two pump photons (Left), 2PE with
annihilation of three pump photons (right) [22]

A mutually orthogonal cavity axis, pump beam axis and atomic beam axis is utilized so wave-

mixing processes are not phase matched.
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Figure 5— Dressed states of barium atoms where w,; is the driving term (Left), experimental setup
with mutually orthogonal beam, cavity, and optic axis [14]



Spontaneous two-photon emission in the cavity was not enough to trigger doubly-stimulated 2PE
so a trigger pulse was added provide the cavity with enough photons to induce 2PE. The results
of this experiment are shown in figure 6. Figure 6 (a) shows the output power spikes when the
trigger pulse is turned on but decays to zero when the trigger pulse is turned off indicating that
the trigger did not provide sufficient photons to the cavity to induce two-photon lasing. Part b
shows the output power of the cavity with a higher intensity trigger pulse. A spike in the output
power occurs and decays slightly before achieving a steady state output power, indicating two-
photon lasing. This result is indicative of what theorized by Sorokin and Braslau [10], that in
order to induce two-photon lasing a critical number of photons are required to be in the cavity.
Figure 6 (c) displays the two-photon lasing on longer time scales and part d shows two-photon

lasing at a different cavity resonant frequency.
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Figure 6— With a low intensity trigger pulse, output power spikes and decays (part A), with a
high intensity trigger pulse, output power spikes and achieves steady state 2PL power output
(part B), 2PL on longer time scales (part C), 2PL at a different cavity frequency (part D)

Gauthier determined the critical number of atoms and photons to be a function of the
fundamental linewidth T, the spontaneous emission linewidth 2y, the resonant Rabi frequency
Q4 and the effective fundamental mode volume V,;; = mw/L., where L, is the cavity length.

The minimum number of atoms in the cavity is approximately

i~ 25.404T,/(6 YA2c/m Vopp)” (1.0)

And the minimum number of photons in the cavity is approximately

mii" ~ 4.7Q4v/(6 yYA2c/m Vesy) (1.1)
The feasibility of using semiconductors as a 2PG media as opposed to dressed state atoms was

considered by Charles Ironside [18]. He suggested that semiconductors could make viable D-



2PG media since semiconductor two-photon effects were well understood, and the maturity of
semiconductor technology would allow for easier development of a D-2PG device. Using the
electron transition rate for 2PA [23], Ironside developed the D-2PG coefficient in a
semiconductor assuming an intrinsic semiconductor in thermal equilibrium at low temperature,
E, > kT, while also ignoring some competing affects. The low temperature approximation
assumes that all the energy levels in the conduction bands up to Ex_ are full of electrons and all
the energy levels above Ef, are empty. Due to this approximation some of the spectral

dependence was lost but it allowed for the D-2PG coefficient to be simply expressed as,

vy =31 x 10° L2 g (H (2)
n?E} E,

Where E,, is the Kane energy parameter, E; is the bandgap energy, n is the refractive index

and Eg,_ and Eg_are quasi Fermi levels.

F(x) is a spectral function and is determined by the band structure of the semiconductor. For
direct-gap semiconductors with approximately parabolic bands such as GaAs,

(x — 1)3/2 (1.3)
x5

F(x) =
Following this theoretical study of 2PE in the semiconductors, Orenstein and collaborators made
several publications dealing with spontaneous, singly-stimulated [24], and doubly-stimulated
[25] 2PE in semiconductors. The first of their experiments uses a 100 mW continuous-wave 514

nm argon laser focused to 30 um in order to optically excite a 200 um thick piece of bulk GaAs.

Spontaneous 2PE and singly-stimulated 2PE were measured with stimulating beams of 1630 nm

10



and 1600nm at 0.2mW. These input beams generated peaks in the spectrum corresponding to the
complimentary wavelength at 1451 nm and 1476 nm, respectively. Figure 7a depicts these

results.

a | Wavelength (nm)
” 1,631 1590 1550 1512 1476 1,442 1,409
\ |
12 ‘. \
' .
a || -
% 10—1\-/-[-\-{X-:---p ------------ , ?\:74-__._
€ 8. [— Spontaneous| | \
= —1,630nm | | /
‘:‘ 64 |— 1,600nm
3 -- - Calculated [
a 44 spontaneous /
2
0 ¥ 1 1 | | : 'l 1
074 076 078 080 082 084 08 0.88

Photon energy (eV)

Figure 7— Optically pumped GaAs shows peaks at 1451 nm and 1476 nm when irradiated by
1630 nm and 1600 nm, respectively, indicative of singly-stimulated 2PE.
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Figure 8- Increasing input power at 1,310 nm (0.946 eV) linearly increases output power at
1,691nm (0.733 eV)

Another experiment was done to study the relation between stimulating power and the output
power at the complimentary wavelength. Using a 1,310 nm (0.946 eV) beam and increasing the
power of the beam, the complimentary wavelength, 1,691 nm (0.733 eV), power was shown to

be linearly dependent on the input power. The results are displayed in figure 8.

Orenstein and collaborators then observed D-2PG in an electrically pumped AlGaAs p-i-n
heterostructure [25]. 2PG was observed in two different ways; the first, a stimulating pulsed
beam at 1,560 nm, with a photon energy slightly larger than E, /2, was coupled into the guiding
layer of the structure. When the current passing through the device was low, the stimulating
pulse underwent 2PA, the excited carries would then spontaneously one photon emit at about
800 nm. When the injection current reached 1300 A/cm?, a, became zero and as the current

increased, a,went negative corresponding to 2PG. As 2PG increased the emission of 800 nm

12



would decrease. The relationship between OPE and 2PA/2PG behaves according to a,I2. The

results are shown in the figure below

70

AP [pW]

0 0.25 05 0.75 1 1.26
Input Peak Intensity [GWIom2]

Figure 9-2PA reduces quadratically as injection current is increased, once 1300 A/cm? is
reached 2PE increases quadratically with increasing injection current

As shown in figure 9, the reduction of the 800 nm fluorescence (AP) changes quadratically as the
input power increases. Depending on the current density, AP is either positive or negative with
negative AP corresponding to an increase in the number of photons at 800 nm and positive AP
corresponding to a reduction of the 800 nm fluorescence. At the highest current density y, =
3.15 cm/GW after corrections for the linear loss. An interesting phenomenon that can be noticed
here is the effect of 2PG on the output irradiance is greater than the effect of 2PA with zero
injection current. This illustrates that y, > —a, , y, is the 2PG coefficient, which the Nevet et al.

attributes to band gap renormalization. Band gap renormalization would cause a decrease in the

13



band gap energy with increasing carrier concentration and since y, has a E; > dependence, y,

would increase dramatically.

14



CHAPTER 2: THEORETICAL BACKGROUND

2.1 Nonlinear Optics Introduction

In a physical sense nonlinear optics is the change light experiences passing through a material
due to light. Nonlinear effects can be caused by a single high intensity beam that is altered while
passing through a material, which is the premise of a Z-Scan [26] for example, or, where an
intense beam causes a change in a material that another beam observes, such as pump-probe.
There are several types of interactions that the field of nonlinear optics covers; however, here in
this work we limit the interactions to mostly “instantaneous” and local nonlinearities with the
exception of free carrier absorption or FCA. Instantaneous nonlinearities usually deal with bound
electrons where the interactions are on the order of femtoseconds in time and where the motion
of the nucleus is neglected using the Born-Oppenheimer approximation due to the nucleus’s
large mass in comparison to the electron. Considering only local nonlinearities we will neglect
any nonlinearity that is due to the redistribution of generated carriers far from the incident beam.
In the case of 2PE, much of the theory can be described through 2PA since the processes are

inverses of one another.

2.2 Two—Photon Absorption (2PA)

Electronic nonlinearities in materials arise from the way an electron reacts to the incident electric
field. If the electron is considered as a mass on a spring the nonlinearities arise in correction
terms to the linear equation of motion. Another way these nonlinearities can be dealt with
mathematically is through Maxwell’s equations and the expansion of the polarization density P.

Concerning ourselves with the interaction of two different frequency inputs w, and w;, we begin

15



with the evolution of the electric field propagating through a lossless material in the absence of

any sources, with negligible magnetic effects and infinite plane waves.

VZE le aZE _ aZﬁNL (2'0)
2 9z ooz

An incident electric field comprised of two copolarized monochromatic plane waves of

frequencies wzand w,, is defined as

EGD = ' ! - 2.1
E(r, t) = (E Ea(z)e_l(wat—ka-r) + E gb (Z)e—l,(a)bt_kb.r)> § ( )

* (% Eq(z)e!@at=kaD) 4 % £ (Z)ei(wbt—kb-r)> 3

Where £,(z) defines the envelope of the electric field and § is the propagation vector. Inserting

the field from equation 2.1 propagating in the z-direction into equation 2.0 yields

2 2 2.2
(a Zg“ + 2ik agZa + (&)2 (a NP ag“))e‘i(waf—kaz) + l ¢

1[ 0z2 “ 0 c ot? ot
2| (a2 9E,  mp\2 [9%E o€ |
b ; it b b_ 5 &b —i (wpt—kpz)
l((’)zz + 2iky, (')z+(c) <6t2 2iw, 6t> e bt=Kp +c.cJ
2P
zﬂow

where £, and &, are functions of z. The second derivative terms with respect to z and t can be
neglected if it is assumed that the envelope governing the electric field varies slowly in both

space and time. This approximation is known as the slowly-varying-envelope-approximation

(SVEA) [27]. This leads to
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[ 0E,  Mg\2 &, l. 1 (2.3)
i 4 —7i —i(wqt-kq2)
1‘ 2ik, P + (C) ( 2iw, 6t> e + | 2P

=Ho77
2 68,, ng 2 agb . at?
i _-5 0 —9i _b —i (wpt—kpz)
l<21kb az+(c) ( 2iw, 6t> e +c.cJ

The polarization density P can now be expanded in terms of the order of the material

susceptibility and electric field

_ _ _ _ (2.4)
— X(l) . E +X(2) . EZ +X(3) . E3 + ...X(n) . En

S| o

where g, is the permittivity of free space, ™ represents the material nth order susceptibility to
the electric field E. The linear case refersto P = gox ™ - E, however, nonlinearities only appear
in the subsequent terms beginning with ¥ ?), the second order susceptibility. The second order
polarization can be expressed in terms of the sum of the incident electric fields and the second

order susceptibility.

- 2.5)
—(2) ~ - (
57 ) = & [ B05010)B0)E ()80 — 0 = w;)dando,
Where Ek and El are the incident electric fields of angular frequency w; and w, respectively and
the tensor and vector indices, j, k, | are dummy variables that refer to any position vector in
Cartesian space x, y. The notation used defining x® (w; w4, ,) denotes w = w; + w,. ¥ @
governs parametric processes such as optical rectification [28], sum and difference frequency

generation and second harmonic generation [29].

The 3" order susceptibility, x®, governs many of the phenomena of interest, such as such as

third harmonic generation, four-wave mixing, nonlinear refraction (NLR) and 2PA [30]. Similar
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to @, ¥ can be also be expanded with regard to the permutations arising from the incident

electric fields

o (3) _ = = = 2.6
§j(3)(w) = £, fﬂ X jiim (@5 @1, 02, 03)E (01)Ej(w2)Epy (w3) (2.6)

6(w—w; —w, — wsz)dwdw,dws

where k; and €; are the wave vector and complex amplitude, respectively, of the j™ wave.

If we are strictly looking at 2PA at w, then

R 1 ) 2-7
Pj(3) (w) = 5?1'(3) (wg)e U @at=ka?)g 4 ¢ ¢ &7)

Where :73].(3)(%) is the complex polarization density amplitude and is given by

&o 3
‘,PJ(3) — Z{ng(cx)xx(wa; Wg, —Wq, (l)a)lgalzga

(2.8)

3
+ 6X9(cx)xx(wa; wg, —Wp, Wp)|Ep |28a}

Where 33].(3) (w,) is the sum of the self-nonlinearities, where a wave of frequency w, acts upon
itself, and cross-nonlinearities, where a frequency w;, acts upon a wave of frequency w,. It
should be noted that equation 2.8 has been reduced due to intrinsic permutation symmetry [27].
This symmetry is was leads to the factors of three and six in the first and second terms,
respectively. Inserting equation 2.7 into equation 2.3 and looking at the response at the input

frequency w, Yyields
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. o0& n, 0& 2.9
e~ (@at—ka2) (Zika aza + Zika?a ata) +c.c (29)
= —wcz,uo?j(3) (wg,z)e {@at=kaZ) 4 ¢ ¢
n o€

Assuming a long pulse with a spatial width far larger than the sample thickness, the term e

can be neglected. In cases where the spatial width of the pulse is shorter than the sample, £,(2)

can transform into another reference frame that moves with the pulse. This leads to

0E(waz)  1WaP S (wq,z)e "Bk (2.10)

0z 2cn €
Where Ak is the difference between the wavevector of the generated polarization and the

wavevector of the incident wave which in this case is zero since we are strictly looking at 2PA.

Substituting equation 2.7, £,(z) = /flla—c(ez)exp(iA(pa(z)) and £,(2) = 222 exp(iAg, (2))
atco

npceg

into equation 2.10 above, and separating the real and imaginary terms, we can develop the

evolution of the irradiance as pulse propagates, dla/dz, as well as the evolution of the phase

aAqb‘l(z)/dz. From these irradiance and the phase which we will develop expressions for a,, the

nonlinear absorption coefficient and n,, the nonlinear refraction coefficient. The evolution of the

irradiance at w, is

0l,(7)

5 =~ (Wa; 0a)13(2) = 23(We; )1 (2)]a(2) (2.11)

Where
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ay(wg; wp) = W?@G) (Wg; Wq, —Wp, Wp)
Now taking the real terms of the derivatives of £,(z), £,(z) and y® leads to
90, (2) (2.13)
a—; = kO,anZ (a)a; wa)la(z) + Zko,anz (wa; wb)lb (2)
Where
3 (2.14)
N, (Wg; wp) = m)(j(e3) (Wg; Wq, —Wp, Wp)

Where k| is the free space wavenumber. The subscripts R and 7 respectively refer to the real and
imaginary components of y®. The change of I,(z) is dependent on both degenerate 2PA
represented by —a, (wg; wg,)12(z) and non-degenerate 2PA —2a,(wg; wp) 1, (2)1,(2). The
factor of two difference is a result of the cross-nonlinearity between fields w, and w,. Solving
the differential equation 2.11 for a single beam at w,, results in a z-dependent irradiance of

1,(0) (2.15)
1+ ay(wy; w,)1,(0)z

Ia(Z) =

In the case of a substantial carrier population in the ground state, i.e. no population inversion,
2PA will occur and thus the irradiance decreases as the beam propagates through a material
following the inverse relationship with z (see Eq. 2.15) which is dramatically different than
linear absorption where the irradiance decreases by an exponential decay. When there is some
carrier population a, (w,; w,) may become zero referring to two-photon transparency. If
population inversion is reached, 2PA will become negative thus becoming 2PG, and the
irradiance will rapidly diverge as the beam passes through the sample as shown in figure 10.

Plotting equation 2.15 shows this divergence of 2PE as the propagation distance increases.
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Figure 10- Normalized irradiance D-2PA (blue) and D-2PE (violet) as a function of propagation
distance.

For two beams, if we assume the case where the irradiance of one beam, say I,,, is far larger than
the second beam, I, like in a pump-probe experiment, I, can alter the effective linear coefficient

that the first beam observes. Thus equation 2.15 changes in the low depletion limit i.e. I;, has no

z dependence, to

1,(2) = ]a(o)e—az(wa;wa)lbz (2.16)
As a result, the magnitude of 2PA or 2PE can be tuned by the irradiance of the second beam, in

this case, I,.

2.3 Perturbation Approach to Two-Photon Transition Rate

Since a large majority of this work deals with two-photon processes it is both useful and
necessary to calculate the two-photon transition rate; one method of achieving this is through

second order perturbation theory. Beginning with an unperturbed system, the time-independent
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Schrédinger equation, H,|y,,) = E,|,,) can be satisfied with the unperturbed time-independent
Hamiltonian H,, where [,,) represents the energy eigenstates of the system and E,, represents
the energy eigenvalues. Now consider a time varying quantum state |¥(t)), which satisfies the

time-dependent Schrodinger equation

i 2w (o) = A%() @17

Where |W(t)) = X, a,, () [y, )e " Ent/% "and a,,(t) refers to the time dependent, normalized,
complex probability amplitudes, where the probability of finding the system in the nth state is
la,|?. The unperturbed system will now be perturbed with a small time varying perturbation so
let # = A, + H,(t). The time-dependent Schrédinger equation is then

Z(ihan(t) + anE,) |, e Ent/h = Z a, (t) (HO + Hp(t)) |1, ye ~iEnt/h (2.18)

n

where a,, (t) is the first order time derivative of a,,(t). Using the time-independent Schrédinger

equation to replace H, |y,,) with E,|y,,), E,|,,) can thus be canceled. Multiplying each side by

(Yql, yields
. _iEqt . _iEnt (2.19)
iy (e = ) an (Ol Ay©lpy)e
n
Equation 2.19 will allow us to determine the temporal evolution of the perturbed system.
Expanding a,, as a power series yields,
ap = a +ya’ + y2a® + .. (2.20)
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where y is housekeeping term used in the perturbation approach. Inserting equation 2.20 into the
equation 2.19 and replacing ﬁp(t) with yﬁp (t), and equating the powers of y on each side, a

zeroth, first order term and second order term can be extracted.

a” () =0 (2.21)

(1) 1 0) -~ oot (2.22)
aP® == > aP Ol Ay O o) o

(2.23)

1 ~ .
0P © == D aL Ol Ay O e ot

ago)(t) is simply the unperturbed solution and is zero since there is no change in the states in the

lack of a perturbation. dfll) (t), the first order term, obtained by equating y* terms on both sides

of the expanded equation, represents the correction to the first order solution where wg,, is

equivalent to (Eq - En)/h. Higher order terms such as dff) (t) all give higher order corrections

to the zeroth order solution.

In our case, the perturbation on this system is caused by photons, such that agl)(t) corresponds

to a single photon induced electronic transition and the term aff) (t) refers to transitions induced
by two-photons. The probability of a transition per unit time from an initial state |;) to a final
state |1/Jf) for one photon or two-photons, can be formulated by Fermi’s Golden Rule (FGR). The

transition rate for a two-photon process can be determined [1] from the time derivative of

|a§,2)(t)|2, yielding
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b b b b |? 2.24
z Mg; Mj; M Mj; Mp;Mj; MfMj; (2.24)
E

X
ji fl(l)a E

ji — h(l)b Ef] — h(l)b Ef] - h(l)a

n
6(Efi — hwy, — hwa)

where a and b represent the individual photons involved in the transition, the term,

(WqlHy () 1) = My, is the matrix elements of the interaction and the transition rate summed

is over all intermediate states |1;). Furthermore, the denominators of Vl/zi}: shows that as one of

the photon energies approaches either Ej; or Ef;, the two-photon transition rate will increase

dramatically which is known as intermediate state resonance enhancement (ISRE) [31].

The transition rate Wzi,’: can describe any type of two-photon transition between two states;
meaning if the energy of the initial state is greater than the final state, I/I/zi{: refers to 2PE. In

contrast, if the initial state is of lower energy than the final state, W, refers to 2PA. One can

solve for 2PA/2PE from FGR by using the irradiance rate equation

Ua ety (wai 0p)laly = ~NhwW?
0z ar a aVVri

(2.25)

Where a,(w,; wp) is the absorption of w, photons due to the presence of w;, photons, N is the

density of absorbers per unit volume. a, can be described as

Nhw W, (2.26)

@y 0p) =~ T
a

The 2PE equation is the same except that a, (w,; wp) IS NOw negative.
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2.4 Two-Photon Absorption in Semiconductors

Since the experiments in this work all are on GaAs it is useful to look at how 2PA behaves in
semiconductors. Semiconductors, in comparison to the discrete states described in the previous
section, contain quasi-continuum bands of energy levels. The two bands that we will be primarily
dealing with, the valence and conduction bands are separated by a region known as the energy
gap where no real states exist. In the case of 2PA, this means that the initial and final states are
the valence and conduction band respectively. From FGR, the intermediate states, |1/)j), become
either the valence or conduction band, depending on the type of transition. Therefore, in
semiconductors a 2PA process is described by an inter-band transition i.e. valence to conduction
band, followed by an intra-band (self) transition, conduction to conduction, or vice versa (see

figure 11 ). Therefore, FGR for ND-2PA becomes

2.27
g 2m (2.27)

2
MycMg,  MyMy, Ma,M&  ME&Me
b =% + + + X

—hw, —hw, hw, hw,

vc
6(E., — hwy, — hwy)

Where subscripts ¢ and v refer to the conduction band and valence band respectively.
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Figure 11 — Two-photon absorption in a semiconductor

Since we now have bands and not discrete states, equation 2.26 changes. If we assume the bands

to be parabolic, the 2PA [32, 33] coefficient can be expressed as

@z (wq; wp) = K

JE» 7 <hooa _ hoob> (2.28)

372 ’
ngnyEg E, " Eg

Where E, is the Kane energy parameter, K is a material independent constant

5
3100 GW cm™! eV "2 [34] and in units such that the E,, and the band gap energy, Ej, are in eV,

and a,(wy; wp) is in cm/GW, and the spectral function F, is given by

X+ x, —1)32 /1 1)\? (2.29)
Fy(x15x5) = (1 2 ) (_ )
X1 Xy

27x, %52
For decreasing values of x, in equation 2.29, which corresponds to increasing nondegeneracy

there is a several orders of magnitude enhancement over the degenerate case x, = x;. In GaAs,

26



using 3100 GW cm™1 eV‘g for K'and 25.7 eV [35] for E},, a,can be enhanced as the interacting
beams become more nondegenerate, as figure 12 shows. The plot shows and increase of a, by a
factor of 130 from degeneracy, represented by hw, = hw,, to where Aiw,, has energy that is a
tenth of the energy gap, 0.1E;,,,. This enhancement agrees well with both the results and
predictions made by Fishman [33] who observed a factor of 127 enhancement. Once again this is
due to both photons becoming resonant with transitions in the semiconductor; the high energy
photon becomes resonant with the inter-band transition and the low energy photon becomes

resonant with the intra-band transition.

1000 + hwp = 0. 1EGqp
hwb = O-ZEGap
100! hwp = 0.3Egqp
~ hwp = 0.4E¢q,
g
© [
S hwp = hwy
10 ¢
1 . . : . , .
1.0 1.1 1.2 1.3 1.4 1.5
E,+E,
E

gap

Figure 12 — Theoretical plot of a, in GaAs for various values of Aw, and variable hw,, energies.
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Cirloganu et al. [36] examined this phenomena experimentally for a variety of direct-gap
semiconductors. Cirloganu found that in ZnO with a photon of energy of iw, = 0.08E,4,, a;
was 270 times greater than the value yielded by the degenerate case. This enhancement has

hence been utilized in endeavors requiring the photodetection of infrared pulses [33].

Since 2PA exhibits this enhancement, it has been theorized by Pattanaik [37] that 2PG would
also exhibit this same type of enhancement. Following Ironside [18], he calculated that the gain,

to be

Y2 (wa; wb) =y (wa; wb) ’ (fc(h(‘)a' hwb) - fv(hwa; hwb)) (2'30)
Where a,(w,; wp) can be seen in equation 2.28 and where f. and £, are the nonequilibrium
Fermi functions

1 (2.31)

My —_E )=
Ec,vimcjv(hwa+hwb Eg)~EF,

1+e kpT

fc,v(hwa' hwb) =

Where E,, and E,. are the maximum energy of the valence band and minimum of the conduction

band respectively, Eg_is the quasi Fermi level of the conduction band and Ej, is the quasi Fermi

level of the valence band, m, is the reduced mass given by

1_1,1 (2.32)
m‘l" B mC m‘U

Where m. and m,, are the effective masses of an electron in the conduction band a hole in the

valence band respectively. E_ were computed using
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h? (2.33)
Er, —Er, = E; + (3n2)2/3ﬁAN2/3

T

Where we have assumed a fixed carrier concentration of AN = 5 x 1018 cm~3 carriers at room

temperature.

Plotting the y,function (Eq. 2.30) at 300 K (solid, red curve) the two-photon gain coefficient is
approximately 60 cm/GW with hiw,, photon energy of 0.2E,,, at a photon energy sum
of 1.1E,4,. The two-photon gain coefficient for iw, = 0.2E,,, is shown here because one of

the beams in our experiments, the infrared pump, has a wavelength of 4.4 um which is
approximately 20% of the band gap of GaAs. For a degenerate photon pair (green curves) the

maximum gain at room temperature (solid, green curve) is about 6 cm/GW at 1.1E,,, which
means that there is an order of magnitude increase between photon energies of hiw, = 0.2E,4,

and hw, = hw,.

29



T Ty P R 113 cm/GW
- ST .. - — 60 cm/GW
) S : FEPE e ,ﬂ _________ 8.5 cm/GW
---—---“-----7" --—-----—---V---—jA-:-'—'-;-'-:—, ““““ ey c 6 cm/GW
gl
L)vw 1
N
0.1} ‘
fommmm hwp = 0.2Eg,, at 20 K
| hwp = 0.2Eg,, at 300K
0-01f hwp = hw, at 20 K
hwp = hw, at 300 K

1.0 1.05 Eb +Ea ;.1 1.15 1.20

Egap

Figure 13- Plot of the 2PG coefficient as a function of signal energy for different Aw; energies,
0.2 Egqp and hw), = hw, at 300 K and 20 K for a fixed carrier concentration

Once again assuming a fixed carrier concentration and reducing the temperature to 20 K shows a
similar plot of the two-photon gain coefficient, however, with a much sharper drop which is due
to the “sharp” Fermi distribution of the excited state carriers. At low temperatures, the carriers
are more concentrated near the band edge than at room temperature simply because there is less
thermal excitation to other states in the band. At 20 K a peak two-photon gain coefficient of
approximately 113 cm/GW is achieved when hw;, = 0.2E4,, at an energy sum of 1.11E,.
The degenerate photon pair yields a maximum gain of approximately 8.5 cm/GW for the same

energy sum, which means there is an enhancement of a factor of 13 over the degenerate case.
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Comparing the gain between the two temperatures, the theoretical gain at 20 K temperature is
slightly higher than room temperature which is why in the experiments conducted in this paper

we will move from room temperature to 20 K through the addition of a cryostat.

2.5 Free Carrier Absorption (FCA)

The transition from an initial state |y;) to a final state |1pf) leads to a population distribution
between the involved states. This distribution may induce changes to both the refractive index
and absorption properties of the material proportional to the carrier density in state |1/)f), also
known as the excited state. In the case of semiconductor the transition will yield an electron in
the conduction band and a hole in the valence band. Electrons in the conduction band can still
interact with incident photons by transitioning to a yet higher energy state usually with the
simultaneous absorption of a phonon. Holes can also be promoted to higher energy states,
predominantly between the heavy-hole (HH) and light-hole (LH) bands as shown in figure 14.
The transitions for heavy-hole, light-hole transitions, are more probable than transitions
involving electrons in the conduction band because the holes lack the requirement of a phonon to

complete the transition and therefore are more likely to interact with incident radiation.
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Figure 14 — Hole contribution to FCA, Heavy Hole (HH) to light hole (LH) and the electron
contribution to FCA with the simultaneous absorption of a phonon.

Free carrier effects are cascaded y* processes so they can be modeled classically using the

Lorentz-Drude model [38] where the material susceptibility is

1 (2.34)
w? —iwl)

2(@) = 0y Tor—
Where the plasma frequency, w,* = Nez/gom. Separating out the imaginary susceptibility and

assuming that w, = 0 since the resonance frequency for free electrons is zero produces

" r/ 2.35
x'(w) = Cl)p2 (w? +w1"2) ( :

Where at high frequencies y"(w) ~ w,*T/w?* . Solving for a(w) results in

2ry"(w) T A% (2.36)
1 n A2

alw) =

The relation 2.36 shows that the FCA coefficient has a square dependence on the wavelength,

therefore long wavelength photons, such as the ones that will be used in this experiment, suffer
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from free carrier absorption. This derivation of the absorption coefficient for FCA is very much
an approximation and is only meant to demonstrate the general trend. For a more accurate result
many factors need to be included such as the band structure, temperature and momentum
conservation [39]. In the case of GaAs the trend is, to some degree, quadratic between 6 and 14
microns for 77 K, and 4 and 7 microns at 300K. Figure 15 shows theoretical plot from

Krishnamurthy [39] of the FCA cross section due to both holes (left) and electrons (right).
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Figure 15 — Theoretical hole contribution to free carrier absorption (Left), theoretical electron
contribution to free carrier absorption (Right)[39].

Recently, Peceli [40] measured the FCA cross section in GaAs using both degenerate 2PA and
three-photon absorption (3PA) from the Z-Scan method [26] to excite the carriers. Peceli’s data
corroborates the theory published by Krishnamurthy, showing a somewhat static cross section
until at about a wavelength of 2 um where a spike occurs similar to the hole contribution to FCA

plot on the left in figure 15. Figure 16 displays the data measured by Peceli.
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Figure 16 — Measure of the FCA cross section in GaAs by Peceli [40]

FCA induced by 1PA is two cascaded y (¥ process which is an effective y ) process which
means free carrier effects can appear to be 2PA or NLR. Since carriers can be induced from
mulitphoton absorption processes, careful thought must be put into the wavelengths such that
they are not resonant with energy transitions of the material so that 2PA or even 3PA are
mitigated, as this could create substantial carrier concentrations if the irradiance is high. In the
case of these experiments smaller FCA will improve the probability of obtaining two-photon

emission.
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CHAPTER 3: TWO-PHOTON GAIN EXPERIMENT

3.1 Pump-probe Experiment

As mentioned at the beginning of Chapter 2, one of the aspects of nonlinear optics is the
interaction between two beams, one beam, the pump, induces a change in the material that the
other beam, the probe, experiences. The probe beam is “weak” such that it does not have enough
energy to induce any change comparable to the change made by the pump. Possible nonlinear
interactions that can be resolved from a pump-probe experiment are ND-2PA [41], reflection

[42] and FCA can also be measured due to a population in the excited state from 1PA of the
pump.

Probe:

Sample
hw,

Pump:
hﬂ)b

Figure 17 — Pump-probe experiment using pulsed beams, “strong” pump and “weak” probe

For pulsed systems a temporal dimension is added to the experiment since now the probe can be
delayed, in time, with respect to the pump. This added time dynamic allows one to measure both
instantaneous and long lived effects such as free carrier relaxation times when the probe trails the
pump pulse. Of course the maximum temporal resolution depends on the pulsewidth of the beam,

meaning the shorter the pulse the more nonlinear effects that can be resolved.
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From the equation for the change of irradiance due to 2PA in chapter two, equation 2.11, the rate

equations for a two beam pump-probe in a material exhibiting 2PA, 1PA and FCA are

d;(ZZ) _ _2az(w; wp)l(z)lp(z) — oy (w; )1(2)? — a(w)I(2) (3.0)
— opca(@w)NI(2)
dIZEZ) = —2a,(wp; w)I(D],(2) — ay(wy; wp)1,(2)? — a(w, )1, (2) (3.1)

— Opca (a)p)NIp (2)
Where the subscript p refers to the pump and no subscript refers to the probe, a(w) is the 1PA
coefficient, oz, is the FCA cross section and N is the number of generated carriers per unit

volume.

Assuming no broadening during propagation through the system, Gaussian temporal shaped
pulses and an undepleted pump beam with a uniform distribution, Eq. 3.0 can be solved [43] to
yield the normalized transmittance of the probe Q, where the energy of the probe after the

sample, is normalized by the energy of the probe measured before the sample.

(e o
;;/a f em o y "
v _T(erf(r) —erf(t— ,0))/

Q(o,7q,W,p,T) =

o is the 1PA cross section, I' = LI, «, is the two-photon absorption parameter, 7 is the time,
W = t/7, is the ratio of the probe pulse width 7 to the pump pulse width z,,, and p is the group

velocity mismatch (GVM) defined as
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L 41 dn Adn (3.3)
P\ T vaal, Tl

L is the sample thickness. GVM is due to different phase velocities of different wavelengths due

to linear dispersion in a material.

In a two beam pump-probe experiment measuring 2PA, if the probe pulse is delayed with respect
to the pump pulse, the transmittance of the probe will follow a cross-correlation between pump
and the probe as shown in figure 18. At zero delay the two interacting beams are overlapped
leading to a maximum in the 2PA signal, the reduction of transmission due to 2PA, and a
minimum in the transmittance. Zero delay refers to the point in time when the pump and probe

beams are temporally overlapped at the sample.

1.0

0.7

Probe Transmittance

0.6

-150 -100 -50 0 50 100 150

Temporal Delay (fs)

Figure 18-Theoretical pump-probe with a 20% reduction in transmittance due to 2PA.

In a pump-probe experiment the two pulses can, if the sample is thick enough and if the
dispersion varies significantly between the two beams, walk off each other inside the sample
since each beam has a different phase velocity. The effect GVM has in Zinc Selenide (ZnSe), is

shown for three different wavelengths with a pump beam of 750 nm in figure 19 [43].
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Figure 19-Group velocity mismatch (GVM) in ZnSe [43]

From figure 19, Q’ is the nonlinear transmittance normalized by the linear transmittance and w,,
is the probe pulse width (HW1/eM of irradiance) which is used to normalize time T where

T = t/wp. As shown the transmission is reduced over larger temporal delays as the probe
wavelength is tuned farther from the pump wavelength. The 450 nm probe pulse moves slower
through the ZnSe slab, this allows the pump pulse to “catch up” to the probe pulse at negative
delays and interact with the probe pulse at different spots within the ZnSe sample leading to what
appears to be a flattened 2PA signal. The 600 nm probe pulse’s group velocity is similar to that

of the 750 nm pump pulse and therefore little to no walk off occurs.
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The experiment presented in this work utilizes the pump-probe experiment to observe non-
degenerate 2PA in bulk GaAs and with the addition of a third beam to create population
inversion and observe 2PE. The three beams in this experiment are the mid-infrared pump, w,, a
near infrared probe, w and a visible excitation beam, w,. Even though this experiment utilizes
three beams instead of the standard two, the pump-probe theory remains the same since we are

simply using a pump-probe experiment (two beams) on a sample with optically excited carriers.

3.2 Femtosecond Laser

For this experiment, a Clark MXR CPA Series (Model 2010) 140 fs pulsed laser with a repetition
rate of 1 kHz was used to supply the necessary beams. The Clark MXR, at 140 fs pulse duration,
has an average energy of 1.6 mJ, or 1.6 W in average power, at a wavelength of 780 nm. This
corresponds to a peak power of about 10.7 GW. The laser contains a resonator that operates at
1550 nm and consists of an erbium doped (Er**) fiber, pumped by a 980 nm diode operating at
27 MHz. Using periodically poled Lithium Niobate (PPLN) the pulse from the resonator is
converted to its 2" harmonic value of 780 nm. The oscillator is mode-locked through stretched-
pulse polarization rotation additive mode-locking [44]. After exiting the cavity, the pulse is then
stretched in time using reflection diffraction grating in order to prevent damage of the Titanium
doped Sapphire (Ti:Sapphire) gain medium and other optical components. Thereafter, the
Pockels cell allows one pulse into the amplifier cavity. There is also an exit port on the case of
the laser than can be used to dump out the remaining 780 nm pulses in the cavity, which is what

we use to be our excitation in this experiment.
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The Ti:Sapphire gain medium is pumped by a frequency doubled, Q-switched, Nd:YAG laser,
outputting 532 nm and at a 1 kHz repetition rate. The energy in the Ti:Sapphire media is
extracted in about ten passes reaching the 1.6 mJ. Once this level is reached the same Pockels
cell that allowed the pulse to enter the cavity now switches the pulse out of the cavity. The pulse
is then compressed using a diffraction grating to achieve a pulse width of 140 fs. The method by
which a pulse is stretched, amplified and then compressed is known as chirped pulse

amplification or CPA [45]. Figure 20 displays the basic layout of the femtosecond laser.
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Figure 20 - Layout of the Ti:Sapphire amplifier. L-lens, BS-beamsplitter, PC-Pockels cell, FR-
Faraday rotator [36, 46]

3.3 Optical Parametric Amplifier

Two of the beams that are used in this experiment, the infrared pump and probe, are supplied by
two optical parametric amplifiers from Light Conversion where the model is the TOPAS 800.
Each TOPAS is tunable from 275 nm to 13 um with an added crystal module to generate the sum
and difference frequencies of the signal and the idler. In order to generate this type of tunability
the TOPAS splits the 780 nm input beam from the Clark-MXR into three beams, two low energy

and one high energy, all at 780 nm, and uses a BBO (Beta-BaB,0,) crystal to generate
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superfluorescence from one of the low energy beams. In the first stage the superfluorescence
passes on to a grating or frequency separator where the signal, w, is selected. The second stage
has the signal then pass back through the BBO crystal where it is preamplified and then mixed

with the second low energy beam of the 780 nm, w,, creating the idler, w; such that

w, = Wg+ w; (3.4)
In the third stage the signal and the idler pass through the BBO crystal where the high energy

beam of 780 nm amplifies the power of both the signal and idler.

BBO is a birefringent crystal so phase matching is controlled by the refractive index of the
extraordinary polarized light. In order to control the refractive index the crystal is rotated such
that the wave vectors of the pump, signal and the idler sum to zero and it is considered Type-1I
phase matching since the signal and the idler are two different polarizations. All movements of
the delay lines, gratings and crystals are controlled by step motors which the user can control

through the TOPAS user software.

To generate the mid infrared wavelengths another crystal is used at the output of the TOPAS 800

that produces the difference frequency of the signal and the idler.

3.4 Complete Setup

Due to the nature of these experiments there were several changes made to the setup. As
mentioned in the pump-probe section we use three beams in this experiment. Our excitation
beam has a wavelength of 780 nm, our infrared pump is either a wavelength of 4.4 pm or 1.9 um
and our probe is a wavelength of 1050 nm or 1.378 um depending on the experiment. The

complete version of the experiment is shown in figure 21.
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Figure 21 — Ti:Sapphire CPA — Clark MXR Laser Systems, TOPAS 1 and TOPAS 2 — Optical
Parametric Amplifiers, /2 — Half Wave Plate, PO1 and PO2 — Polarizer, Delay — Corner Cubes
on Translation Stages, WGP — Wire Grid Polarizer, CHOP — Chopper Blade, , Sample — GaAs,
DET - Detector

The near infrared (NIR) probe beam (Green), exits TOPAS 1 and is passed through a half wave
plate and polarizer combination, useful from 700 nm to 1550 nm, to variably attenuate energy of
the beam. A long pass filter with cutoff wavelength of 900 nm is placed after the wave plate and
polarizer to eliminate the sum frequency of the idler which is nearly collinear with the NIR probe
beam, along with some residual energy of the pump. The beam is then passed through a
protected silver corner cube set up on a translation stage. This is known as the delay line and the

translation stage is moved so that the probe beam can be overlapped in time with the mid
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infrared pump beam (Purple) on the sample. The probe beam is then focused onto the GaAs

sample.

The mid infrared pump beam, exiting TOPAS 2, first passes through a 1500 nm long pass filter
to eliminate the signal. The beam then passes through a KRS-5 Specac GS57000 wire grid
polarizer to filter out the second harmonic of the idler, with a wavelength of approximately 2 um,
also exiting TOPAS 2. The wire grid polarizer does filter about 30% of the energy of the pump

beam but it eliminates the idler. The pump beam is then focused onto the sample.

The excitation beam exits the MXR laser through an exit port on the side of the laser chassis.
The beam is filtered using a 715 nm long pass filter due to the 532 nm also exiting. The 780 nm
beam passes through UV enhanced aluminum corner cube mirror on a translation stage. The
translation stage is used to help change the path length of the 780 nm excitation beam so that the
pulse arrives approximately 200 ps before the probe beam and mid-IR pump beam. The 780 nm
beam is focused onto the sample. The point of having the excitation beam arrive 200 ps earlier is
to give the carriers enough time to relax to the bottom of the conduction band. However, it must
also be shorter than the lifetime of those carriers which is on the nanosecond time scale. More

description is given to this in Chapter 4.

The beam splitter in the path of the excitation beam is implemented in order to pump both sides
of the sample with the 780 nm beam since the skin depth, at 780 nm is only about 674 nm, see

section 3.5, thereby creating more population inversion throughout the sample.

Following the addition of the beam splitters, a cryostat is added to house the GaAs sample and
bring it down to cryogenic temperatures. The cryostat is a Cryo Systems head with a Model 22
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Helix refrigerator. A CTI Croygenic 8001 controller and 8003 compressor are used to reduce the
temperature in the cryostat along with a The Pump Works vacuum pump to pump down the
cryostat to the mTorr level. The compressor compresses the helium into a high-pressure state
where it is then pushed through the cold head in the cryostat. Once in the cold head the high-
pressure helium abruptly expands, cooling the cold head and the flange where the sample is
mounted to between 10 K and 20 K. The heated, low pressure helium is then pushed back
through the compressor to complete the cycle. A DRC-91C temperature controller was used to

control the temperature inside of the cryostat head.

In order to detect the small signals we expect to see in this experiment and eliminate noise from
other sources such as the 780 nm wavelength output of the Clark MXR, we use a method known
as lock-in detection. In this method we use a chopper system to modulate a beam at some
desired frequency. A lock-in amplifier references this frequency so that the only signals that it is
sensitive to, are the signals received from a photodetector that are modulated at this particular
frequency, which in our case is predominantly the change experienced by the probe due to the
infrared pump. However, in these experiments we also modulate the excitation beam so that we
are sensitive to changes due to the excitation beam. This method of detection helps to virtually
“lock in” on the signal we want to measure. Another advantage is that with lock-in detection, the
data can be averaged over some user defined interval which also helps further reduce the noise.
For detecting the probe we place a collecting lens behind the exit window on the cryostat to
focus the radiation onto a silicon detector with a CREMAT 150 evaluation board and a CR-110
amplifier chip. To detect the mid-infrared pump, a liquid nitrogen cooled Mercury Cadmium

Telluride (MCT) detector is used. The detectors connect to a Stanford Research SRS 830 DSP
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lock-in amplifier to detect the small signals in these experiments. An MC2000 Thorlabs optical
chopper is used to chop the desired beam for detection and provide a reference frequency for the
lock-in amplifier. The chopper modulates the beam at 2/7 of the laser frequency, 1 kHz, which

is approximately 285 Hz.

3.5 Sample Production

One of the issues facing this experiment is the creation of a useable sample of GaAs. One of the
key goals that needs to be addressed to see lasing, either two-photon or single photon, is
population inversion. The pump wavelength of 780 nm, used to create population inversion, has
a skin depth of 674 nm, calculated using Beer’s Law with an absorption coefficient of 14830
cm™! [47]. In order to see the most 2PE, population inversion has to occur throughout the entire
sample which means that the sample has to be approximately a few microns thick if not thinner.
Thanks to Dr. Gregory Salamo, from the University of Arkansas we have a 4 um thick sample of

GaAs. The structure of the sample is shown in the following figure

2.5 nm Cap Layer of GaAs

Al ,GaAs 500 nm

GaAs 4 pm

Al ,GacAs 1lum

GaAs
500 pm

Figure 22 — 4 um thick GaAs sample structure provided by Dr. Gregory Salamo.

As shown, there is approximately 500 pum of bulk GaAs used as a substrate for the structure

which included 500 nm of Aluminum Gallium Arsenide (Al 4GagAs), 4 um of GaAs, another 1
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um of AlGaAs and a 2.5 nm GaAs cap layer. The primary purpose of this structure is to protect
the 4 4 um GaAs while remaining transparent to any of the wavelengths we may choose to use
for these experiments. The cap layer of GaAs is used to prevent the AlGaAs layer from

oxidizing.

In order to etch the bulk GaAs down to the Al 4GagAs layer, wet etching is introduced thanks to
the help of Dr. Patrick Li Kim Wa. Dr. Li Kim Wa provided Microposit S1805 G2 photoresist to
use in order to prevent the GaAs etchant from etching the structure side and only the substrate.
The sample is coated in photoresist except for a portion of the bulk GaAs used for the substrate.
We decide that in order to maintain some rigidity, we should etch a window into the sample
instead of etching the entire sample. There are several benefits about this technique, first, the
whole sample is not etched which will make the sample more rigid and easier to handle.
Secondly, the window should also make it easier to spatially overlap the three beams in the
experiment because the reduction of the probe due to 2PA with the pump will be larger in a
thicker area of the material and smaller in the 4 um window. Once the 2PA signal is found on the
thick portion of the sample, we can then translate the sample so that the 4 um window is at the
beam overlap. We make this window by covering the bulk GaAs substrate with photoresist
except for a small portion of the GaAs which we leave exposed; our window. The sample is then
given a soft bake at 115 °C and is etched using 20 mL of Hydrogen Peroxide, 10 mL of water
and 2 mL of Ammonia [48, 49] . Since we are etching 500 microns, the etch rate needs to be
high, but also somewhat selective, particularly as the etch continues in order to prevent the
etching of the AlGaAs layer. Using the plots in figure 23 is has been determined that the fastest

etch rate occurs between a ratio between 5 and 10 of peroxide to ammonia (H,O02/NH;OH) and
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the best ratio for selectivity occurs at a ratio of 30. At the beginning of the etching process a ratio
of ten is used, but as the bulk GaAs is removed we make new solutions with an increasing ratio

of peroxide to ammonia to increase the selectivity.
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Figure 23 — Etch rate of GaAs (Right), selectivity of etchant to AlGaAs (Left) for given ratios of
peroxide to ammonia [49]

At first the etchant works well but what becomes increasingly apparent is the etchant also slowly
etches the photoresist. At first this is not a large problem, since the photoresist can easily be
dissolved and reapplied. However, as the solution etches deeper in the bulk GaAs it becomes
harder to reapply the photoresist to maintain the window. This is due to the non-uniformity of the
etched bulk GaAs over several hundred microns and since there is some slope associated with
the etching which accumulates over a the course of a deep etch, therefore, the surface tension in
the photoresist begins to fail in preventing the liquid photoresist from flowing into window

during reapplication. Figure 24 gives a visualization of process.
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Figure 24 — Etchant undercutting photoresist regions in the bulk GaAs (exaggerated)

This is a direct result of the large thickness that needed to be etched by the solution. To combat
this procedural failure, a combination of dry and wet etching is incorporated. The sample is
polished down to about 100 um, then photoresist is applied and a wet etchant is used to etch a

window in the sample.

Once the sample is etched we glue the sample to sapphire and then mount it to a copper plate.
Norland Optical Adhesive 81 is used for gluing the sample to the sapphire and Lakeshore G-
Varnish (VGE-7031) is used to mount the sapphire and GaAs to the copper plate. However, one
detriment to using sapphire is the use of the optical adhesive. The optical adhesive and sapphire

transmission curves are shown below.
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Figure 25 — Norland optical adhesive transmission spectrum [50]
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Figure 26 — Transmission spectrum of sapphire with surface reflections [51]

While the sapphire is quite transparent in the region from 500 nm to 4.5 um, the glue is not. This
is one of the ultimate reasons we will settle on a pump wavelength of 4.4 um, since it was the

farthest we can go into the infrared without losing much of the pump energy due to absorption in
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the glue and sapphire. Later, we will change to a wavelength of 1.9 um due to power constraints

at the 4.4 um wavelength, but this too is also chosen with respect to the transparency of the glue.

Considering this, we spent a substantial time developing standalone GaAs samples. We achieve
this through virtually the same method described above but instead, before the approximate 100
um GaAs sample is wet etched, we mount it to a ring using the Lakeshore G-Varnish to glue the
edges of the sample to this ring. Then we apply photoresist to form the window and wet etch.
Once the etch is completed we use the ring to handle the sample, however, more Lakeshore G-
Varnish is added to the edges to solidify the sample to this ring. . In our case the ring was a
simple metal washer. Since the sample is standalone, at least in the area of the window,
absorption resonances of the substrate or glue do not have to be taken into account, only the
absorption resonances of the GaAs and AlGaAs which will allow us to go far beyond the 4 um
pump wavelength, for instance, out to a 10 um wavelength. This would increase the non-
degeneracy and enhance both 2PA and 2PE even more. The one downside to this method is that,
while we are not sure of the mechanism, the sample is destroyed when it is put into the cryostat
and is cooled. This mechanism could either be due to thermal compression or due to vibrations
in the cryostat caused by both the compressor and the mechanical pump. One way to test this
would be to only glue one side of the sample to the ring as opposed to what we initially did
which was glue both sides to the metal ring. Allowing one side to hang freely should help
reduce strain induced by thermal compression but unfortunately we had destroyed our remaining
samples before this could be tested. If the damage is being caused by vibrations, then there is not

much we can do other than by simply purchasing a new cryostat that has better vibration control.
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A linear transmission measurement between the wavelengths of 700 nm and 3 um is performed
on the sample using a Carry 500 Spectrometer. The linear transmission of 4 um GaAs on
sapphire and free standing are shown in figure 27. The band gap is approximately 870 nm (1.425

eV) at 300 K where, on the graph, the transmission spikes which agrees with Sturge [52] in

figure 28.

100 -

50 -
P
>

—— Stand Alone Sample
J —— Sapphire Sample
0 4
I ! I ! I ! I ! 1
1000 1500 2000 2500 3000
Wavelength

Figure 27 - Linear transmission spectrum of 4 um standalone GaAs (Blue) and GaAs on a
sapphire substrate (Red)
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Figure 28 — Absorption spectrum of GaAs at different temperatures demonstrating the band gap
energy [52]

From the graph it can be seen that the sapphire sample has a reduction in transmission at a
wavelength of approximately 2250 nm with another large drop in transmission at about 2850 nm.
These reductions are from the optical adhesive which starts absorbing [50] around a wavelength
of 2200 nm. Once the spectrum is taken we model the oscillations to determine the thickness

calculated.

The oscillations are a result of the GaAs sample acting like a Fabry-Perot resonator, with certain
wavelengths able to resonate within the structure leading to peaks in transmission. Using a thin
film stacking model, the transmission spectrum can be calculated and the thickness can be
determined. The thin film stacking model is described as the product of the transmission

matrixes for each of the individual layers in the sample, such as those shown in the figure below.
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Figure 29 — Thin film stacking diagram

_— ﬁ l cos(8,)  isin(5,) (3.5)
pd 14 ik,sin(6,) cos(6,)
Where p represents the pth layer in the material, k,, is the wavevector in the pth layer normal to
the sample, and &, = k,d, where d,, is the thickness. We use these matrices to describe the
possible five layers in the GaAs sample: a layer of bulk GaAs, then a layer of AlGaAs, then the 4
um GaAs layer, the second layer of AlGaAs and the cap layer of GaAs (see figure 22). The
thicknesses can then be tweaked to match up the peaks and valleys between the calculated
transmission spectrum with the measured transmission spectrum. Below is the transmission data

of our stand alone GaAs sample (blue curve in figure 27) acquired by the Carry 500 spectrometer

and is the green curve, and the thin film stacking model is the blue curve.
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We only get the calculated transmission curve to match up with the measured transmission curve
when the associated thicknesses of the layers are as follows: no bulk GaAs, followed by 960 nm
of AlGaAs, 4 um of GaAs, 500 nm of AlGaAs and then the 2.5 nm GaAs cap layer. These results
seem completely reasonable since it is entirely possible that in the process of etching the bulk
GaAs we also etch off 40 nm of the AlGaAs layer. The amplitudes of each the peaks, however,
do not match up. We attribute this to the fact that when we put this in the spectrometer we
measured a spatial average of the transmission leading to reduced peaks but similar valleys since
our sample is not perfectly smooth like the thin film model assumes. We can see that the sample

is in fact not smooth in pictures we have taken using a microscope at different magnifications.

100 pm 20 um

Figure 31 — Photographs of the GaAs sample at 5x (right) and 20x magnification (left)

We see from the photographs, particularly the left, that there are different colors which indicate
that there are different thicknesses of the AlGaAs layer which would lead to a spatial dependence
on the transmission of a particular wavelength. The photograph on the right shows a closer view

of the rough AlGaAs surface.
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CHAPTER 4: 2PG EXPERIMENTAL RESULTS

4.1 Experiment Introduction

As mentioned at the beginning of this paper there are three types of 2PE: spontaneous, singly-
stimulated and doubly-stimulated. Spontaneous 2PE has been studied in hydrogen [53] and
deuterium atoms [15], and singly-stimulated 2PE was studied in vapors such as potassium [17],
and recently in semiconductors [24]. Doubly-stimulated 2PE has been the most elusive of the
three types and has only been observed by a few groups Loy [20], Pfister [54], Mossberg [14,
55], and Nevet et al. [25] and in those experiments, the stimulating beams were either nearly or
completely degenerate. In this experiment we have set out to see ND-2PE in GaAs in the hopes
that, similar to the orders of magnitude enhancement ND-2PA exhibits compared to D-2PA, 2PE
will also have enhancement due to the non-degeneracy of the stimulating beams. In this regard,
we have chosen to use the pump-probe technique with the addition of a third beam to optically

excite the GaAs sample.

4.2 Determining the Pump and Probe Wavelengths

This pump-probe technique, discussed in chapter 3, uses a non-collinear geometry between the
three beams in order to more easily overlap the beams and adjust the spot sizes with several
different frequencies. The first beam in this experiment is the excitation, with a wavelength of
780 nm and a pulse width of 200 ps. It is a fixed excitation, meaning it cannot be tuned to
different wavelengths. It arrives at the sample approximately 200 ps before the pulses of the
other two beams in these experiments. This is done in order to provide the excited carriers
enough time to relax down to the bottom of the conduction band. How we determined this delay

value will be discussed momentarily.
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Figure 32- Excitation beam pumping carriers to the conduction where the carriers relax to the
bottom of the conduction band after which the probe and infrared pump arrive.

The second beam in this experiment is the infrared pump. In determining the wavelengths of the
pump two criterions needed to be satisfied, first, it has to be substantially less than the band gap
in energy and secondly, in order to enhance the 2PG, we want it to be out as far into the infrared
so the pump and probe can be as non-degenerate as possible. Based on the transmittance curves
of the optical glue and sapphire substrate we determine that the pump wavelength to be 4.4 pm.
Furthermore, the 4.4 um pump beam is also at a minima in the FCA contribution due to holes in
the model by Krishnamurthy [39], see figure 15. Later in the experiment we change the pump

wavelength to 1.9 um due to energy considerations since we only have 500 nJ at 4.4 um pump

beam but this will be discussed later.

The probe is the third beam in this experiment and is purposely kept weak, around 860 pJ. As
mentioned previously, this is to prevent the probe from having any effect on the material. Here
the probe is chosen so that the sum of the probe and pump would be close to the wavelength
where we would see the largest change in transmittance due to the carriers generated by the
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excitation beam. We find this wavelength by pumping the 4 um thick GaAs sample with 183.5
nJ of 780 nm and probing it with wavelengths around the band gap of GaAs, in 5 nm increments
from 800 nm to 885 nm, figure 33 shows the plots of 820 nm, 860 nm and 875 nm. Figure 33
shows that before zero delay the probe is linearly absorbed by the material. At zero delay the
probe and pump arrive at the front face of the GaAs sample at the same time, and we see the
change of transmittance of the probe rise sharply indicating more probe energy is making it
through the sample due to the change induced by the excitation beam. The probe transmittance
increases for some time giving us the peak in delay. We attribute this slow rise in transmittance
after zero delay to carrier relaxation, see figure 32, as well as carrier diffusion in the 4 um thick
GaAs sample which should take on the order of a 100 ps. As carriers relax to the bottom of the
conduction band and fill the states, the probe becomes more transparent because the density of
electrons at the bottom of the conduction band increases, decreasing the probability of linear
absorption. As the delay becomes longer, beyond the peak, the carriers recombine and the probe

begins to be linearly absorbed again.
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Figure 33 - Change in the linear transmittance of different probe wavelengths due to the
excitation beam with respect to the delay of the probe
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Figure 34 - 3D plot of the change of transmittance as a function of delay of the probe and probe
wavelength
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From figure 33 we measure the peak in the change of transmittance of the probe to occur around
855 nm at a delay of 316 ps. With this information we determine the probe to be 1060 nm such
that the sum of the probe and 4.4 um is approximately 855 nm. However, 1060 nm is really close
to the tuning curve of the TOPAS 800 so to reduce noise and increase stability we reduce the
probe to 1050 nm which along with the 4.4 um pump is about the photon energy of 850 nm.
There is minimal change in the results between 850 nm and 855 nm as shown in figure 33
however; the peak delay is now 200 ps which is why we set the excitation pulse to arrive 200 ps

before the pump and probe.

Along with this preliminary experiment, there were some FCA measurements that were
performed by Himansu Pattanaik and Dmitry Fishman using a 780 nm pump and a 4.4 um probe

in a 4 um thick GaAs sample.
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Figure 35 — FCA measurements of 4.4 um probe with a 780 nm pump at 300 K and 45 K in
GaAs at two different time scales

In the plots shown above in figure 35, FCA was measured at two different temperatures, 300 K

and 45 K. The two graphs are of the same data set; the right is just a longer time scale. At room
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temperature it was found that the transmittance of the 4.4 um infrared probe decays on the time
scale of ~20 ps due to carriers generated by the 780 nm pump. The lack of instantaneous
absorption feature we once again attribute to carrier relaxation. This reduction in the
transmittance levels off and is maintained for over 100 ps. At cold temperatures, at a delay of 10
ps, we observe a much larger dip in the transmittance of the 4.4 um due to a larger concentration
of free carriers near the band edges. The peak then decays in about 50 ps to a steady state level of
transmittance comparable to the steady state transmittance produced at room temperatures. Both
plots in figure 35 display a dip in the transmittance of the probe at zero delay. This at first was
considered to be 2PA in the AlGaAs layer of the sample since the band gap of the AlGaAs with a
40% concentration of aluminum at 45 K is 2.035 eV [56-58], however the sum of the pump and

probe wavelengths is 1.87 eV which probably is not close enough to expect any 2PA.

4.3 Doubly-stimulated 2PG Experiments

With the pump (4.4 um) and probe (1050 nm) wavelengths decided, we begin the three beam
pump-probe experiment. Starting at room temperature using a 4 um thick sample of GaAs, we
measure the reduction of the probe transmittance with and without the excitation. Furthermore,
in this measurement we are modulating the pump with the chopper thus we are sensitive to the
changes induced by the pump. It should be noted here that the reduction in transmission of the

probe due to ND-2PA will be referred to as the 2PA signal.
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Figure 36 — Excitation beam 780 nm, infrared pump at a wavelength of 4.4 um and the probe
wavelength of 1050 nm
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Figure 37 — 2PA signal of the pump and probe (black), reduction in the 2PA signal due to the
780 nm beam (red) in a 4 um thick GaAs Sample
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In figure 37, without the 780 nm excitation, the black curves show reduction in the probe
transmission of about 3% due to ND-2PA when the pump and probe are overlapped. When the
excitation is incident on the sample we see a change in the 2PA signal of about 45%. This is the
type of result we have been hoping for, because if we see a reduction of the 2PA signal due to
fewer electrons in the valence band we could possibly reduce the 2PA to the point of bleaching
the material meaning two-photon transparency and eventually increase the excited carrier density
even more to observe more than 100% transmission, meaning 2PE. We measured the signal
without the excitation beam again to make sure the sample was not being damaged by the

excitation beam.

We then do the same experiment on a 365 um thick sample of bulk GaAs while modulating the

pump yielding the curves shown in the following figure.

63



o :
—H— No Excitation (780) Before

—o— With Excitation (780)
—o— No Excitation (780) After

0.4 +——1 — 7
-1200 -1000 -800 -600 -400 -200 O 200 400 600

T T T T T T T

Delay (fs)

Figure 38 — 2PA signal of the pump and probe (black), reduction in the 2PA signal due to the
780 nm beam (red) in a 365 pum thick GaAs Sample

In figure 38, without the excitation beam there is a 50% reduction in the transmission of the
probe due to ND-2PA with the pump. With the excitation beam irradiating the sample, we see
approximately a 10% change of the 2PA signal. The flat top 2PA signal is a result of GVM,
therefore at about -875 fs delay; the pump pulse begins to overlap the probe pulse at the back of
the sample since the pump beam travels faster through the sample due to smaller dispersion. At
zero delay, the pulses begin to overlap in the front of the sample. In the 4 um thick sample we do
not see effects of GVM, only a cross-correlation of the pump and probe at zero delay since the
spatial widths of the infrared pump and probe are approximately 45 um which is far larger than

our 4 um thick sample. This also explains why we see a much larger change in the transmittance
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because in the 4 um thick sample only a small portion of each of the pulses is overlapped in the

sample so the reduction in the transmittance is less in the thinner sample.

It is worth noting here that the spot size of the 780 nm excitation beam at the sample is
approximately 274 pm which is about four times larger than the probe (= 70 pm) and 2.5 times
larger than the pump (= 100 pum). The reason for this is to make sure both the pump and probe
can be overlapped on the sample where there is population inversion. Secondly, the energy of
this excitation pulse is on the order of 10’s of wJ which will damage the sample if it is focused
enough. We find this damage threshold to be about 6 pJ at a spot size of 274 um which gives
approximately a peak irradiance of 22.6 MW/cm? and peak fluence of 3.1 m]/cm?. Our
excitation beam is really three pulses separated in time by 10 ns instead of one pulse so the ratio
of the peaks is used to determine the peak irradiance from the last pulse which is the pulse we

use to excite the carriers.

Figure 38 indicates that 2PA is being reduced throughout the entirety of the sample which is odd.
We are not entirely sure whether this reduction in the 2PA signal in figure 38 is a result of a
change of a, due to a diffusion of carriers throughout the sample or FCA of the infrared pump at
the front of the sample, so to determine which was the dominant effect, we decided to irradiate
the back of the sample. Irradiating the back of the sample should isolate the depletion of our
pump from FCA only to the region where carriers existed which would appear only in the area
that was irradiated, thereby reducing the FCA effect on the 2PA signal throughout the entirety of

the 365 um GaAs sample. If the reduction is due to carrier redistribution through the sample,
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which is unlikely given the thickness, we should see the same type of reduction of the 2PA

signal.

We test this idea on the 365 pm sample, except this time we do not modulate any of the beams so
that our probe is sensitive to all the effects on its transmittance particularly FCA and 2PA.
Looking at figure 39, the results show, what at first glance appears as, a slight reduction of the
probe signal independent of delay due the addition of the excitation pulse (red curve) compared
to without the excitation beam (black curve). We attribute this to FCA of the probe since it is a
small reduction and FCA due to the excitation pulse would be independent of delay as is shown
in figure 39. However, after closer inspection of figure 39, at the back of the sample,
corresponding to a -875 fs delay, there seems to be a higher voltage associated with the data
points taken with the 780 nm excitation pulse compared to the corresponding data points taken
without the excitation pulse. This indicates that at the back when the pump and probe are
overlapped, more energy of the probe is falling on the detector with the excitation beam (red)

than without (black).
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Figure 39 — 2PA signal of the pump and probe (black), reduction in the 2PA signal due to the
780 nm beam (red) in a 365 um thick GaAs Sample, excitation irradiates the back of the sample

In order to determine if there is something happening at the back of the sample, we take the
difference between the signal without excitation (black) and the signal with the excitation (red).
Experimentally, we do this by putting the chopper in the path the excitation beam and detecting

the probe. This makes us directly susceptible to changes to the probe due to the excitation beam.
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Figure 40-The difference between 2PA signals of the probe and pump with and without the 780
nm excitation beam on the back of the 365 um GaAs sample (figure 39), measured by chopping
the 780 nm and detecting the 1050 nm probe

In figure 40, at long negative delays we detect a negative signal meaning the transmission of the
probe is being reduced and since we are modulating the excitation we only observe changes in
the probe due to the carriers generated by the excitation, thus the negative signal of the probe is
due to FCA. At shorter negative delays, between — 800 fs and -100 fs, we see a small, negative
signal. Since we are only sensitive to changes of the probe due to the excitation beam, this near
zero value indicates that the change is small. The change is small because the probe is depleted
by about 60% at these delays (see figure 39) due to 2PA with the infrared pump and therefore
there is less probe energy to be absorbed by free carriers generated by the excitation beam. At

-875 fs delay we record a reproducible peak that changes sign. This positive voltage indicates
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that there is an increase in the probe energy falling on the detector when the probe is overlapped
with the infrared pump at the back of the sample where the carriers are concentrated. Hoping to
see a comparable effect in the thin sample, we irradiate the 4 um thick sample from the back as
well. It should be noted here that at his point we were using a different sample of 4 um thick

GaAs since we damaged the previous sample, however, it was cut from the same wafer.
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Figure 41 — 2PA signal of the pump and the probe with (red) and without (black) the 780 nm
excitation beam

To our dismay what we see is an increase in the 2PA signal in figure 41. At this point we have
no explanation for the cause of this. Presumably, the only difference between the 4 um and the
365 um sample is the addition of the AlGaAs layers, the sapphire and the optical glue.

Unfortunately, at this point we had not yet successfully fabricated standalone 4 um thick GaAs
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samples to see if this was indeed a result of some interaction with the optical glue and or
sapphire substrate. From our previous data we expect that this new result is not due to the
AlGaAs layers since we previously saw (see figure 37) reduced 2PA when the sample was

irradiated from the front with the 780 nm beam.

After considerable thought we now believe that the reduction in the 2PA signal in the 365 um
(figure 38) thick sample is due FCA of the infrared pump beam. We believe the pump is
immediately depleted when it arrives at the sample due to the free carriers generated by the
excitation, resulting in a reduction of the 2PA throughout the entirety of the sample. This can be

seen in the following equations

dl .
d(zZ) = —Zaz(w; wp)l(z)lp(z) (4.0)
dl 4.1

ZEZ) - _UESA(wp)NIp(Z) @b

Assuming that the probe is primarily depleted due to the ND-2PA and the pump is primarily
depleted by FCA, we can obtain the change of irradiances of the pump and probe, equation 4.0
for the probe and 4.1 for the pump, where the subscript p refers to the pump and no subscript
refers to the probe. Looking at the change of irradiance equation for the probe, we will see a
change of the irradiance of the probe if either a,is changed or if pump irradiance is changed, for
instance by FCA. From this we decided to look at what we might expect FCA to be in GaAs at a

wavelength of 4.4 um.
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Figure 42 — Free carrier absorption coefficient with 1017 cm™3 carrier concentration measured
by Mayer [59]

Mayer [59] obtained an absorption coefficient of ar-, of 5 cm™1, see figure 42, with a carrier
concentration of about 1017 cm™3. From our energy of the excitation, 6 uJ, we assume that we
have a 1.5 x 10*8cm™3 carrier concentration where, from the equation apc4 = orcaN, we would

presume that our free carrier absorption coefficient would be approximately azc4 = 75 cm™1.

Looking back at Krishnamurthy’s calculations [39] and the measurements made by Peceli [40]
we see that the calculations and the measurements differ by a factor of four. Now if the 10%
reduction in the ND-2PA signal in figure 38 is strictly due to the depletion of our infrared pump
then we would expect that azc, = 200 cm™1. apc, = 75 cm™1 is within the factor of four
difference, so the 10% reduction in the ND-2PA signal in the 365 um sample when the excitation

was irradiating the front ( figure 38) may entirely be due to FCA.
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Since FCA is a linear process, see equation 4.1, then we expect that we would see the same
change of our signal in the 4 um thick GaAs sample. This assumes we are generating the same
number of carriers in the 4 um thick GaAs sample as the 365 um thick GaAs sample which is
reasonable given the skin depth and that we cannot detect our excitation beam behind the sample.
However, what we see in the 4 um thick GaAs sample is a 45 % change in our ND-2PA signal in
figure 37. Since the change of the 2PA signal varies so dramatically between the 4 um thick
GaAs sample as the 365 um thick GaAs sample we may be observing a change of a, in the 4 um
thick sample where we have much more population inversion than in the thick sample.
Unfortunately, due to minimal energy in infrared pump (500 nJ) we cannot experimentally

resolve this change and determine if it is indeed due to a change of «,.

From this we expect that the change of sign in figure 40, that indicates an increase of
transmittance of the probe, could also potentially be due to a change of a, since this corresponds
to the back of the sample where the carriers are concentrated. Although, it could also be due to
FCA of our pump which would increase the transmitted energy of the probe since there is simply
less ND-2PA at the back of the sample. Nevertheless, at this point we do not have enough data

to conclusively say that is what indeed is happening.

In the next experiment we decid to measure the change of transmission of different wavelengths
around the band gap as a function the energy of the 780 nm excitation beam in a 4 um thick
GaAs sample. We did this to see if we could induce 1PG. The results are shown in the following

figure.
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Figure 43 — Saturation of the linear transmission of 800 nm, 830 nm, 850 nm and 880 nm due to
increasing energy of the 780 nm excitation beam.

For the wavelengths of 800 nm and 830 nm we see small increases in the transmission, however,
for wavelengths of 850 nm and 880 nm we see close to 30% increases in the transmission. From
the energies, we use the spot size (= 360 wm) and the thickness of the sample to generate the 780
nm photon densities. Using equation 2.33 with the photon densities as AN, we can solve for the
difference between the quasi-Fermi levels (Er, — Er, ) at different energies of the excitation

beam.
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Figure 44 — Transmission of various probe wavelengths as a function of the difference in the
quasi-Fermi levels, Ep, — Ef,

Figure 44 shows the transmission of each of the probe wavelengths as a function of E_ — E, .
As the excitation beam increases more carriers are produced filling the bands, therefore, the
difference between the quasi-Fermi levels increases. Once the difference reaches the energy of
the probe we expect that there should be an increase in the transmission, which is what we see.
The vertical lines represent the photon energy of the each of the wavelengths. For 800 nm (1.55
eV) probe, we do not generate enough carriers to really see an increase in transmission, for the
830 nm (1.494 eV) probe we begin to see an increase about where the difference between the

Fermi levels is equal to the photon energy. The 850 nm (1.459 eV) probe, shows a large increase
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once the difference between the Fermi levels reaches the photon energy, and the 880 nm (1.41
eV) probe is just below the band gap at room temperature, so the difference between the Fermi
levels is already larger than the photon energy for even the smallest of energies of the excitation
beam that were used. Since the transmission of the 880 nm is high we think we might be seeing
gain, so we use our thin film model to determine what the transmission at 880 nm would be
without absorption, which we found to be 0.7. The plot clearly goes above 0.7 in transmission
which indicates one-photon gain. Furthermore, the model assumes a perfectly flat surface,
however, the sample is far from smooth so there should be even more loss. To account for
scattering losses we multiply the reflection coefficient, calculated from the thin film matrices, by
a factor of 0.7 to match up the theoretical plot with our own transmission data. This gives us a
transmission of about 50%. From this we expect that we are seeing either saturation or possibly

1PG at 880 nm.

4.4 2PG at Cryogenic Temperatures

Following these experiments we decide it was time to move to cryogenic temperatures in hopes
that with a larger concentration of electrons at the bottom of the conduction band we will
improve our chances of witnessing 2PE, or at the very least seeing a reduction in the 2PA signal.
First, we measure the change the 2PA signal in the 4 um GaAs sample as temperature is reduced,

once at 300 K (red) and once at 20 K (black). The results are shown in figure 45.
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Figure 45 - 2PA signal of the pump and probe at 300 K and 20 K

The 2PA signal at room temperature is about 3%, as the temperature is reduced the band gap

increases reducing the 2PA signal to approximately 0.5%. In order to even measure this small of

a signal we have to increase the integration time on the SR 830 Lock-In Amplifier to ten

seconds. The signal is simply too small to take measurements with since we want to measure the

changes of this signal. Therefore, based on what we have learned thus far, which is the

dominance of FCA on our infrared pump and the lack of energy of our pump we decide to

change wavelengths in hope of increasing the 2PA signal. Thus, we move to an infrared pump
wavelength of 1.9 um and a probe wavelength of 1378 nm, the energy sum corresponds to 850

nm. Our energy increases by over an order of magnitude from 500 nJ to 10 pJ. We figure that
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the increase in energy would offset any loss of enhancement by bringing the wavelengths of the
pump and probe closer to degeneracy. We also decide, since we have lots of energy at 780 nm,
we should split the beam and irradiate both sides of the sample in order to saturate even more of

the 4 um thick GaAs sample.

However, before we move to cryogenic temperatures we measure the 2PA signal of the 1378 nm
probe and 1.9 pum infrared pump at different pump energies in the 365 um thick bulk GaAs
sample to find out how much energy we can put on the sample before we induce other effects.

There was no 780 nm excitation beam in this experiment. The results are shown below
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Figure 46 — Reduction of the 1378 nm probe transmission from 2PA of the probe and 1.9 um
pump at different pump energies

As we increase the energy of the 1.9 um pump the probe transmission is reduced more and more
due to increasing 2PA. However, what we also see, though unexpectedly, at energies greater
than 0.56 pJ of the 1.9 um beam, is a tail in the 2PA signal which we presume to be FCA of the
probe from three photon absorption of our pump. This, while interesting, is actually a large
inhibitor for this experiment since the pump energies we want to use induce FCA. This puts a
limit on the irradiance of the pump; a maximum at 39.3 GW/cm? with an energy of 560 nJ and
a spot size of 78 um which isn’t much better than our 4.4 um pump which had 500 nJ at a 100

pm spot size for an irradiance of about 21.4 GW/cm? . After about 2.1 uJ we see a tail at
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negative delays indicative of damage. However, since we are setup to run the experiment at

1378 nm and 1.9 um at cryogenic temperatures we proceed anyway.

With the pump and probe aligned, we align the excitation beam on both the front and back of the
4 um thick sample. We do this by looking for the reduction of the infrared pump due to FCA
induced by the excitation pulse. Once the beams are aligned we measure the change in the 2PA
signal due to the excitation beam irradiating the front, back and both sides of the sample at 20 K.

The results are shown below.
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Figure 47 — 2PA signals from a 4 um sample at 20 K irradiated from front, back and both sides
by the excitation beam
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The results in figure 47 show there does not appear to be any significant change in the 2PA
signal regardless of which face of the sample is irradiated by the excitation pulse. If anything we
may be seeing a slight increase in the 2PA signal when the front of the sample is irradiated by
the excitation beam. However, since the signal is small, hundreds of uV, what appears to be a

small reduction could simply be noise.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

The purpose of this work was to observe ND-2PE in GaAs; unfortunately this endeavor has not
yet been accomplished. However, this should not detract from the amount that was learned by

attempting these experiments particularly when it comes to future attempts at observing 2PE.

We to some degree learned the art of sample preparation, for instance, learning how too
effectively polish and wet etch hundreds of microns of a GaAs. Once the sample was etched we
learned how to handle these thin samples and mount them to substrates and eventually how to
make the GaAs samples free standing. We used thin film stacking matrices to model these thin
GaAs samples so that the transmission data could be used to determine the thickness of the
sample after etching. The results of this model seem well within reason showing that oscillations
in the transmission spectrum match up with the theoretical transmission spectrum when there is
no bulk GaAs substrate left and only 40 nm of AlGaAs etched off which is reasonable given the

amount of wet etching that is performed.

With these samples we performed non-degenerate pump-probe experiments with the addition of
a third beam used to excite carriers. We observed the reduction of 2PA in various experiments
and achieve a 45% change of the 2PA signal due to excited carriers in the 4 um thick GaAs
sample. This is much larger than the 10% change due to excited carriers observed in the 365 pm
thick GaAs sample which we believe to be due to depletion of the pump due to FCA. This seems
to suggest that a, could be changing with the addition of excited carriers in the thinner sample

but more data is required to confirm that this is indeed a change in «a,.
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In the advent of these results we attempted to see 1PE from GaAs which we believe we achieved
at 880 nm when excited by the 780 nm pulse though we cannot say for certain. We then
reattempted the 2PE experiment at cryogenic temperatures where we achieved more perplexing
results that showed little change in the 2PA signal when the sample was irradiated from the back,
front or from both sides by the 780 nm excitation beam. The results also display a shoulder at

positive delays which has yet to be accounted for.

5.2 Future Work

What we learned from these experiments were two primary necessities that we would need to
increase our chances of observing 2PE. These necessities are, one, a sample that is
approximately the skin depth of our excitation beam, which is 674 nm. We need this so that
population inversion can occur throughout the entirety of the sample increasing the probability of
observing 2PE. Secondly, we need more infrared pump energy to help offset the depletion of our
infrared pump caused by FCA. Thanks to Dr. Greg Salamo we were recently provided with 1
um thick GaAs samples. We also recently acquired a 12 mJ laser system from Coherent that
should provide enough energy at a wavelength of 4.4 pum to satisfy our energy requirements. So

it is well within reach to continue these experiments.

After some calculations we have also come to realize that in subsequent experiments we may
have more potential for seeing 2PE at room temperature as opposed to cryogenic temperatures.
This is a result of our fixed excitation beam at 780 nm. Previously we had shown that at
cryogenic temperatures the 2PG coefficient was higher than at room temperature (see figure 13),

however, this was determined by assuming a fixed carrier concentration. This is not the case
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though because the band gap changes as a function of temperature. With a fixed excitation beam
we generate less carriers at 20 K (dashed curves) and more at 300 K (solid curves) and therefore
the 2PG coefficient changes since it is dependent on the carrier concentrations, see Eq. 2.33.

Figure 48 shows the 2PG coefficient at 300 K and 20 K for hw, = 0.2E,,, and hw;, = hw, for

a fixed excitation energy of 1.6 eV.
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Figure 48 — Plot of the 2PG coefficient as a function of signal energy for different Aw,, energies,
0.2 Egqp and hw), = hw, at 300 K and 20 K for a fixed excitation energy

As figure 48 shows, that with a fixed excitation beam, we actually see more gain at room

temperature at a maximum value of 56 cm/GW with Aiw;, = 0.2 Eg,p,. The maximum value at

cryogenic temperatures is 35 cm/GW for Aw, = 0.2 Egqp, Which is nearly a factor of two less
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than that at room temperature. This could help reduce some of the complexity of the experiment

by eliminating the need for a cryostat.

Another issue for this experiment that has recently come to light is the possibility of amplified
spontaneous emission (ASE) depleting our population inversion. Calculating ASE is a complex
problem to solve because one has to account for a random distribution of emitters radiating in
random directions, the pump geometry, surface shape, temperature and several other factors [60].

Barnes [60] developed an analytic solution for ASE in thin disk lasers from the rate equation

dN, N, (5.0)
£ = __24R
dt T, T2

Where N, is the upper state population density, 7, is the radiative lifetime and R, is the pump

rate per volume.

Barnes used several assumptions to develop a rate equation when ASE is not negligible. He first
assumes that the radiation is from a point source in free space, which allows for the solid angle
integrations to simply be replaced by 4. Furthermore, he assumes that the emission spectrum
has a Lorentzian linewidth and that the prorogation of emitted photons is independent of
wavelength which is somewhat reasonable. The emission spectrum of a GaAs laser amplifier
measured by Kosonocky [61] shown in figure 49 has a bandwidth of about 10 nm between 840
nm and 850 nm. Aspnes [47] shows that the index between 840 nm and 850 nm varies by 0.002

which leads to a critical angle difference of 0.01 degrees which can be assumed to be negligible.
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Figure 49 — Spontaneous emission spectrum from GaAs [61]

If the distribution of carriers is uniform, a rate equation can be developed when ASE is not

negligible [60].

dN, N, 0.4l,
at T, (P

(5.0)

N, +R,

Where o, is the average emission cross section and [, is the average path length of a
spontaneously emitted photon. [, is very much dependent on the pumping scheme and surface
quality so it is recommended that this be measured to determine its value, however, it was
reported by Peterson [62], that [, should be on the order of the 50% of the pump spot size. From
the differential equation, assuming R, = 0, the initial upper state population density as a

function of time when ASE is not negligible can be calculated by [60]

-t (5.1)
N, e™
N,(t) = —t

1+ 0palaNy, (1 - eﬁ>
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Applying this model to GaAs we assume N, =5 x 10"®cm™, g, N, , = 14830 cm™" [47],

l, =150 x 10~*cm [62] and 7, = 70 ns [63] we see 80% reduction in the carrier density on

the order of 1 ns so the gain would also decay by 80% since y o« N,(t)

18 _
5.5x107 7 | Excited State Carrier Density |

5.0x10"
4.5x10" 1
4.0x10"™ 1
3.5x10* 1
3.0x10" i
2.5x10* 1
2.0x10" i

1.5x10"

Excited State Carrier Density (cm-3)

1.0x10" A

: , :
0.0 2.0x10"° 4.0x10™ 6.0x10™ 8.0x10™° 1.0x107°
Delay (s)

Figure 50 — Carrier population density in GaAs as a function of time if ASE is not negligible

In the experiments we probe our sample 200 ps after the peak of the excitation beam arrives,
which based on the assumed [, we lose 40% of our gain before the infrared pump and probe
arrive. However, this model is not representative of our system at all and only meant to show that
ASE could potentially be a problem. Therefore, another experiment that should be performed in
the future would be to monitor the carrier lifetime as a function of the excitation energy [62]. If
ASE is affecting the experiments, the carrier lifetime should decrease as the excitation energy is
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increased. Should ASE be an issue, we could mitigate ASE’s effect by making the spot size of
the excitation beam smaller. This would reduce [, thereby decreasing the rate of change of
N,(t), and we could use a shorter excitation pulsewidth on the order of femtoseconds compared
to picoseconds. Using a femtosecond excitation beam would allow us virtually instantaneously
excite the carriers and should allow us to probe the sample with the infrared pump and probe

before ASE became substantial.

We still trust we can see a reduction of 2PA due to excited carriers and maybe with a little luck,
bleach the material and observe 2PE. If we manage to observe 2PE it would be useful to
measure the magnitude of 2PE at varying degrees of non-degeneracy and as a function of the
excitation energy and excitation wavelength. 2PE from semiconductors could one day yield
unique opportunities in endeavors that require large ranges of tunability or quantum entangled

photons such as quantum information and communication technologies [64].
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APPENDIX: DETECTORS
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Perhaps one of the most crucial parts when it comes to optics is the detection system since it is

the primary measurement system. The detection system is largely dependent on the wavelengths
in the experiment, as this will determine the type of diode that is used. However, there are other
considerations that must be made including response time, linearity and noise when determining

not only the photodiode material but the construction of that particular photodiode.

When selecting a photodiode, wavelength is the first consideration, as such in the following
figures show various four common photodiode materials and the wavelength ranges where these

diodes are sensitive.
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Figure 51 — Responsivity of a silicon photodiode [65] (left) and germanium diode [66] (right)
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Figure 52 — Photodiode responsivity for lead sulfide [67] (left), MCT [68] (right)

As the graphs in figure 51 and 52 show, for wavelengths in the visible and UV, silicon is the best
choice, for near infrared (IR) detection, lead sulfide and germanium are the best choices and for
longer IR wavelengths, 3 — 15 um, MCT’s are the best. It is worthwhile to mention that just
because two diodes have the same active material does not mean they will exhibit the same
responsivity at a given wavelength. For instance, the germanium responsivity curve in figure 51
displays the responsivity for two different manufactured diodes and as we can see, the response
between the two is different. Once a wavelength is chosen one must look at the system in which
the diode will be operating to determine parameters such linearity, noise requirements and

response time.

Linearity is an important aspect of detectors because in a variety of experiments, particularly
those performed by the nonlinear optics (NLO) group at CREOL, it is the change of the signal
that is measured as opposed to the magnitude of the signal. If the diode is linear we can calculate
the energy change based on the change of voltage. The figure below shows the linear regime of

a particular Hamatsu silicon photodiode output current as a function of incident radiation.
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Figure 53 — Linear response of a silicon diode at various reverse bias voltages [69]

One will notice from figure 53, that the linear range increases depending on the amount of
reverse bias voltage on the photodiode, in fact the linear range increases by an order of
magnitude in incident radiation, from 102 to 103 with the application of a 5 V reverse bias. The
application of a reverse bias voltage will increase the dynamic range of photodiodes, however, it
will also increase the dark current of a photodiode and noise levels [69]. If a reverse bias needs
to be applied to a diode in order to increase either the response time or dynamic range, it would
be best to use a battery to supply the necessary voltage as opposed to a power supply. Power
supplies will add unnecessary noise to a system particularly if the signals are small. We have
recorded the addition of + 40 mV of noise to small signals with the addition of a power supply
for reverse biasing, whereas batteries add minimal noise. Another aspect that will affect linearity

is the amplifier of the circuit, but this will be discussed later.
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If low noise is a requirement of an experiment, which is usually the case for measuring small
signals, but response time and a large linear range are not required, then it is best to avoid the
application of a reverse bias voltage entirely. The NLO group in fact uses silicon photodiodes
that are built specifically for running in photovoltaic mode, i.e. with no reverse bias, in order to

reduce noise levels.

Response time, defined as the time it takes to change from 10% to 90% of the maximum output
level [69], is perhaps the final major consideration required when determining the type of
photodiode required for an experiment. In the case of the NLO group, due to our rather slow
repetition rates of the laser sources, 1 kHz or 10 Hz, response time is not a concern for us since
the longest diode response times are on the order of a few microseconds depending on the
photodiode, which corresponds to greater than a 100 kHz repetition rates. However, for systems
that have higher repetition rates the response time must begin to be taken into consideration since
the photodiode will fail to respond if the pulse train from some source falls on the detector in a
shorter time period than the response time of the diode. The reason being is diodes have a
response time anywhere from several hundred picoseconds to hundreds of microseconds. The
response time is determined, largely, by three factors: the RC time constant associated with the
sum of the package capacitance, junction capacitance and the load resistance (t,), the diffusion
time of carriers generated outside the depletion region (t,), and the carrier transit time in the

depletion region (t3) [69]. The response time, t,., is

t, = Jtlz +t,% + t5?
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The carrier transit time, t5 is inversely proportional to the reverse bias voltage [70] which is why
photodiodes that require a reverse biasing voltage, operate at higher speeds and consequently
used for high speed detection. Other aspects that help improve the response time are smaller

active areas and using PIN photodiodes as opposed to PN photodiodes.

However the total response time of a detector is also largely dependent on the amplifying circuit
used to amplify the signal generated by the photodiode, since many amplifying systems are built
to elongate the signal received from a photodiode based on the amplifier decay time. In the NLO
group there are two types of general circuits that are used; one designed by Morgan Monroe and

another by CREMAT Inc. Monroe’s design is shown below.
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Detector circuit design by Morgan Monroe

Figure 55
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To give a brief description of Morgan’s circuit (figure 54 and 55) we begin with the section
highlighted by the red square labeled A. This portion of the circuit applies a reverse bias voltage
to the photodiode in part C. There are hard options such as 15 V or 5 V which can be selected
using the bottom or middle junction respectively in J3, but there is also an option for an
adjustable reverse bias if the top junction is selected. If the adjustable bias option is selected the
potentiometer, R5, can be changed by using a screw driver thereby increasing or decreasing the
reverse bias on the photodiode. In order to measure the reverse bias one must measure the
voltage using a voltmeter across the test pins labeled TP1 and TP2 in part B, highlighted by the
blue circle. The photodiode must be mounted so that the anode sees a positive voltage from the
biasing circuit in part A to put it into reverse bias. Part D can be used to change the response
time of the circuit. One can either increase or decrease the response time of the circuit by
increasing or decreasing, respectively, the capacitance of C1. The resistor, R1, can also be
changed; however, the amount of change is small in comparison to the amount of change the
capacitor will induce. This is due to the fact the capacitor can be increased by six orders of
magnitude easily whereas the resistance cannot be increased so dramatically without affecting
other aspects of the circuit. The resistor R1 is more apt to be changed should there be a possible
problem with the reverse bias voltage such as a high leakage current from the diode that could

create a large voltage drop across R1. This aspect will be discussed in more depth later.

Part E, represented by the black square, is a transimpedance amplifier that converts the current
generated by the photodiode into a voltage and amplifies said voltage. The amplification of this
portion is controlled by potentiometers R2 and R6 through the use of a screw driver. Part F is the

AC coupling capacitor, C2, which is used to block any DC components that are amplified by the
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transimpedance amplifier. Lastly part G is a dual analog switch that is used to help pass the
signal over a transmission line, in our case, BNC cable. This circuit design is still currently in use
in the NLO group for specific photodiodes, particularly gallium nitride photodiodes, and it is also

very similar to other old detectors in the NLO group.

Recently, however, we have begun transitioning from the above circuit design, to one
manufactured by CREMAT Inc. The biggest reasons for this transition was primarily for ease of
use and because we have few working detectors supporting Morgan Monroe’s design.
CREMAT offers four different charge amplifiers: CR-110, CR-111, CR-112 and CR-113. Each
of the amplifiers performs virtually the same function with the only differences coming in the
amount of gain associated with the amplifier and the length of the decay time. Beginning with
the CR-110 and ending with the CR-113, each subsequent amplifier has about one tenth of the
gain factor as the previous, so the gain of the CR-110 has a 1000 times more gain than the CR-
113. The CR-113 and CR-112 amplifiers have shorter decay times at about 50 ps whereas the
CR-110 and CR-111 have decay times of about 150 us. One may wonder what would be the
purpose of using a CR-113 or CR-112 since the gain is low. The answer depends on the signals
that need to be amplified or if the decay time is important. For large signals it may be better to
use lower gain so that when the signal is amplified it does not saturate the amplifier, which can
happen if the input signal is too large. To get an idea of this saturation point for both a silicon
and germanium photodiode, we measure the voltage as a function of input power. This is done
by detecting a chopped continuous wave 632 nm or 950 nm using a silicon or germanium

photodiode respectively and measuring the output peak to peak voltage, from the CREMAT
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amplifier chip, on an oscilloscope. We measure the response from each of the different

CREMAT amplifier chips for each photodiode as shown in the following results.

Voltage Pk-Pk

Figure 56 — Response of silicon photodiodes for each of the CREMAT charge amplifiers
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Figure 57 — Response of germanium photodiodes for each of the CREMAT charge amplifiers

The data displays the linearity and dynamic range of the silicon and germanium photodiodes for
a given charge sensitive amplifier chip. In figure 56, the silicon diode shows sensitivity down to
nW’s with the CR-110 amplifier and nice linearity for each of the chips particularly around 1
volt. At about 8 V the amplifiers saturate, which is why the voltage stops increasing as the
energy increases. In the case of the germanium photodiodes, figure 57, we are sensitive down to
hundreds of pW’s using the CR-110 amplifier. At low energies the diodes are not perfectly
linear, however, the CR-110, CR-111 and CR-112 are linear from about a tenth of a volt to about
4 volts and saturate at about 7 volts, which is fine for most applications. The CR-113 amplifier is

linear from about a couple thousandths of a volt to a few tenths of a volt after which the data
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begins to curve, which we believe to be due to a combination of saturation of the amplifier as
well as the diode. These voltages were measured using a Tektronix TDS 2022 digital
oscilloscope and the power was measured using an Ophir D 300-UV-SH power meter. These
curves, as mentioned previously, give us a nice dynamic range of operation for both the silicon

and germanium photodiodes in the CREMAT detection system.

The last part of the CREMAT detection system is the CR-150 circuit board used to power and

operate the charge sensitive amplifiers. The circuit is shown below.
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Figure 58-CR-150 evaluation board schematic [71], red is the biasing circuit and the blue circle
refers to the charge sensitive amplifier
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The diagram shows the detector is AC coupled to the charge sensitive amplifier through a 0.01
uF capacitor. Once again this is to block out DC signals, particularly those from the biasing
circuitry. Perhaps the important aspect to take from this diagram is the biasing circuit which is
highlighted by the red box. The biasing circuit contains two 100 MQ resistors and one 10 MQ
resistor leading to a total resistance of 210 MQ [71]. In order to determine how to bias a
photodiode in the CREMAT detection system, the reverse leakage current for the particular
photodiode must be known and would be found on the photodiode spec sheet. Once the leakage
current is known, one can calculate the voltage drop across the biasing resistors using Ohm’s
Law, V = IR where V is the voltage, I is the current and R is the resistance. For example, if |
apply a 15 volt reverse bias across a silicon photodiode with 200 pA of leakage current, the
voltage drop across the biasing resistors is consequently 0.042 volts so the photodiode would
“see” 14.958 volts which is completely acceptable. For most diodes this is the case, however, for
avalanche photodiodes that can have 100 nA of leakage current, the voltage drop turns into 21
volts across the resistors which is unacceptable. In the case that the voltage drop is large, one can
reduce the resistance of the biasing resistors by shunting them with the appropriate resistance.

The appropriate shunting resistance can be determined from table 1 shown below.
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Table 1 — Shunting resistances for various photodiode leakage currents [71]

Open Open
Open Open
Open Open
3.3 MQ 3.3MQ
1 MQ 1 MQ
330 kQ 330 kQ
100 kQ 100 kQ
33kQ 33kQ

Open
22 MQ
10 MQ
3.3MQ

1 MQ
330 kQ
100 kQ

33 kQ

Currently our CREMAT detectors do not have any shunting resistances since the leakage current

for our silicon and germanium diodes are on the order of hundreds of picoamps so the voltage

drop across the biasing resistors are negligible.

Our current CREMAT detection system, shown in figures 58 and 59, has the photodiodes

connected directly to the circuit board. A hole is drilled into the outside of the box and a rubber

grommet is used to stabilize the diode and prevent it from moving. However, the disadvantage to

this is that each CREMAT box is specifically built for one diode.
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Figure 60 — Current CREMAT detection system, DAQ — Data Acquisition

However, we would like to change this setup by making a separate box to house the photodiode
and connecting this new “diode box” to the CREMAT circuit via BNC cable. These CREMAT
circuit boards and amplifiers could be used on any setup and be easily swapped out since they
would not be housing the photodiode. These diode boxes would have a smaller foot print on the
optical table and are far cheaper than buying individual CREMAT CR-150 circuit boards,

amplifiers and boxes for each of the diodes. Figure 61 shows this new design.

BNC Output CREMAT Box BNC Output
- —m—F— — [
Amplifier
“Diode Box”

Figure 61 — New CREMAT detection system design, DAQ — Data Acquisition

There are two downsides however; the first and most pertinent is noise. With the addition of
another BNC connector and cable, noise will be more likely to be picked up, and any noise that
may be picked up could be amplified by the CR-11X amplifier chip. So to test to see if this
design would induce substantially more noise we ran single arm Z-Scans and compared the noise

between both detection systems. We also measured the noise of the new design based on a 3 ft
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BNC cable and a 25 ft BNC cable with a BNC T-Junction between the diode box and the

CREMAT amplifier. The noise results are shown in the following table.

Table 2 — Noise analysis of the current CREMAT system and the new CREMAT system

Run Current CREMAT New CREMAT Design /w  New Design /w 25ft BNC
Design 3ft BNC Cable Cable and T-Junction
Run 1 (o) 0.004413 0.004538 0.0179
Run 2 (o) 0.003671 0.004872 0.008086
Run 3 (o) 0.004251 0.003924 0.007726
Mean (o) 0.004112 0.004445 0.01124

These measurements were made by taking the measured signal from a Z-Scan measurement and
applying a high pass filter in Origin 8.6 to eliminate the 2PA signal. We then take the ratio of
the mean and standard deviation of the data points which gives us the normalized deviation from
the mean, o, which in this case is defined as our noise. What these measurements show is that
there is no real difference between the current system and the new system with a 3 ft BNC cable
between the diode box and amplifier box. The three millionths difference in the average
normalized deviation between each design is well within the measurement error. However, there
is a change of about seven thousandths in the average deviation when a 25 ft BNC with a BNC
T-Junction is added which is significant enough to be detrimental. Should this new system be
implemented, care should be taken to make sure that the cable between the diode and the

amplifier is not excessively long.
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Another aspect that would need to be addressed for this new system to be realized would be to
acquire zero bias germanium photodiodes. Since most of our silicon photodiodes require zero
bias, building a system that could easily handle both germanium and silicon would require that
the germaniums require no bias as well. If biasing is required then each detector would have to
be made for silicon or germanium specifically since the reverse bias voltage between the two is
usually different. Luckily, zero bias, low noise, high response germanium photodiodes exist and
are made by GPD Optoelectronics Corp with the part number of GM8VHR. We will soon be
acquiring a few of these to test and should the results be favorable this new design should soon

be implemented.
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