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Photopyroelectric spectroscopy (PPES) was used in a noncontact experimental configuration to obtain
high-resolution absolute spectra of the optical-to-thermal energy-conversion efficiency (nonradiative

coefficient), nr(A), of Ti:sapphire laser crystals with widely different figures of merit.

Optical-

absorption-coefficient 3(A) spectra were obtained from the PPES signal in the purely optical transmis-
sion mode. These were subsequently used self-consistently in a theoretical model along with PPES-
signal quadrature spectra (purely thermal transmission mode) to extract nygr(A) spectra. These spectra
were found to depend on the optical quality of the bulk and of the polished surfaces of the Ti:sapphire
material. Therefore, they can be used for fundamental energy-conversion studies of the excited-state
deexcitation manifold, as well as for establishing a practical monitoring criterion of crystal growth and

processing quality in Ti’":Al,O5.

I. INTRODUCTION AND BACKGROUND

Photoacoustic spectroscopy (PAS) has been utilized to
measure values of the luminescence (radiative) quantum
efficiencies in optical materials.! " The advantage of this
technique, and related photothermal methods, over pure-
ly optical methods is the ability to measure the absolute
nonradiative quantum efficiency, 7{&.°>~® This, in turn,
can be readily used to determine the absolute radiative
quantum efficiency, 1z =1—n&, without recourse to
complicated and often inaccurate absolute detector cali-
bration procedures such as the integrating sphere
method, or knowledge of absolute ion concentrations in
the case of solid-state laser media.* In a number of in-
stances, it is the nonradiative quantum efficiency itself
which is the important quantity to be determined, such as
in the study of nonradiative relaxation of ions in crystals®
and in powdered samples.® Typically, combinations of
PAS and another optical technique are required for this
type of measurement: Comparisons of PA spectra and
optical absorption spectra allow, in principle, the moni-
toring of thermal energy release channels in deexciting
solids, as well as the estimation of relaxation mechanism
probabilities, when combined with theories for the shape
of absorption bands, such as the Huang-Rhys model® or
more involved models in the case of complex ions, such
as the Ti**:Al,0, system.!®!!
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The measurement of nonradiative energy conversion
efficiencies is also important as a criterion of the optical
quality of laser materials. For this reason, dependable
and accurate values of the optical-to-thermal (nonradia-
tive) energy conversion coefficient are essential. It is,
therefore, very desirable to use a single photothermal
technique, rather than combinations with optical spec-
troscopies, to perform this measurement self-consistently.
PAS detection can yield such a measurement dynamically
via the phase channel as a function of light intensity
modulation frequency.'? Quimby and Yen'® have used
this technique with solid-state laser materials to simul-
taneously estimate both the nonradiative quantum
efficiency and the metastable lifetime in ruby. Shand per-
formed similar measurements with alexandrite,'* and
Lima et al. used the PA phase technique to measure the
nonradiative relaxation time constants of Co?>t and Cu?*
dopants in soda-lime glasses.!”> Unfortunately, the PA
phase detection technique is intrinsically severely limited
to low-frequency measurements (<5 kHz) by the
significant rolloff of the microphone transfer function!?
and by the inverse proportionality between the PA signal
and the modulation frequency, f.'® This important
drawback limits the acceptable signal-to-noise ratio
(SNR) to a range of optical materials with lifetimes, 7, of
several hundred us, at best. A variant of this technique
based on the extrema in the phase and the amplitude
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slope of the modulated infrared photothermal ra-
diometric (PTR) signal was recently introduced in our
laboratory!” and has been applied successfully to ruby
laser rods. Commonly with other photothermal tech-
niques, the PTR f ~! signal magnitude dependence yield-
ed a SNR too low to derive meaningful values of the pa-
rameters 7\ and 7 when applied to the Ti**:AL,0; sys-
tem.'® For this material the expected extrema in the
PTR amplitude and phase occur in the neighborhood of
f~100 kHz, due to the short metastable level 2E lifetime
723.3 us at room temperature. '’

From the above it can be concluded that dynamic
frequency-domain photothermal-based methods, al-
though attractive because they can be used single-ended
and self-consistently for nonradiative quantum efficiency
measurements, cannot be used with fast relaxing solid-
state laser materials due to their limited dynamic range.
On the other hand, combined photothermal and optical
spectroscopic methods can be used without such limita-
tions, yet they invariably lead to compromised measure-
ment accuracy due to the increased number of experi-
mental operations required by such independent meth-
odologies, which must also include different calibration
procedures. These procedures would be difficult, or im-
possible, to apply with high-quality optical materials,
which only generate minute thermal-wave signals.

II. PHOTOPYROELECTRIC SPECTROMETER DESIGN

To overcome these serious difficulties we have success-
fully considered a particular modification of photopy-
roelectric spectroscopy (PPES) as a unique, single-ended
method, which combines purely optical and purely
thermal modes, both in one experimental setup.20 In con-
ventional PPES, when the nonradiative energy conver-
sion coefficient, nyg, of an optical or optoelectronic ma-
terial is relatively high (X 10%), simple amplitude and
phase measurements with the sample thermally isolated
from the detector (purely optical mode), or in thermal-
wave contact with the detector (mixed optical and
thermal mode) can be combined to yield high-quality
7nr(A) spectra. This has been the case with amorphous
semiconducting thin films?""?? and with bulk semiconduc-
tor substrates.?? In the case of transparent, high-quality
optical materials, however, nyr(A) is typically expected
to be a maximum of a few percent.!*>!* For this type of
measurement conventional PPES is hard to use because
the small thermal contribution to the signal must be ex-
tracted very accurately from the mixed optical and
thermal modes. This represents a situation where the
direct optically transmitted energy through a sample gen-
erates optical heating in the detector, which is usually at
least 1 order of magnitude higher than the purely
thermal-wave component which results from optical ab-
sorption followed by optical-to-thermal energy conver-
sion and the subsequent heat release in the solid sample.
Coufal®* and Dupin, Angru, and Zhaoyong?® have suc-
ceeded in separating out the mixed PPES component
from Nd,O; thin films and thin powdered layers, respec-
tively, into its two constituents by phase discrimination
between these two channels: The optical transmission-
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induced signal in the pyroelectric transducer (a polyvi-
nylidene fluoride, PVDF, thin film) appears in phase with
the modulation source (after proper phase calibration),
whereas the sample-related, purely thermal-wave signal
appears out of phase due to its much slower propagation
velocity through the body of the sample or through the
transparent substrate (so-called “phase shifter”*) on
which the sample rests. Christofides et al.? first applied
the phase-shifter method to the measurement of thin-film
subgap optical absorption coefficient spectra in amor-
phous silicon thin films deposited on crystalline silicon.
These authors obtained an instrumental sensitivity limit
of Bl=~5X1073 for 500 A a-Si on ¢-Si, with the latter
substrate playing the role of the transparent phase shifter
in the subgap spectral range (1200—1500 nm).

In order to measure dependably and accurately the
nonradiative energy-conversion-coefficient spectra of
Ti**:A1,0; crystals in this work, we concluded that the
phase-shifter concept, although correct in principle, can-
not yield the stringent reliability and accuracy required if
7nr(A) measurements are to be useful in theoretical spec-
troscopic models,'%!! as well as in industrial practice, for
crystal growth and processing control. This is so because
(i) directly transmitted light through the transparent
crystal impinges on the PPE detector and causes small
but significant dc drifts of its pyroelectric response due to
dc temperature changes. These drifts induce phase
changes on the order of 0.5°-1°, which can dominate any
phase shifts due to the actual crystal heating; (ii) phase
shifters of constant thickness, such as transparent sub-
strates?®*?® or optically thin sample layers?® are neither
truly transparent when compared to laser materials of
high optical quality, nor flexible enough in their thickness
value to assure the necessary combination of purely opti-
cal and truly thermally thick mode operations, with the
modulation frequency as the adjustable parameter which
controls, and only in principle, the type of working mode
of a given PPES experiment.

Therefore, in this work we further developed our origi-
nal PPE spectrometer?!:? to incorporate a variable thick-
ness air layer between sample backsurface and PVDF py-
roelectric detector, to play the role of thickness-
adjustable, truly transparent phase shifter, which is also
used as PVDF dc drift compensator and as thermal con-
tact resistance eliminator. Furthermore, the lock-in
quadrature signal was monitored, rather than the phase
channel,* in our experiments, for two reasons: (a) The
complete one-dimensional theoretical analysis of the sig-
nal also developed in this work yields a simpler expres-
sion for the quadrature (i.e., the imaginary part of the
complex ac temperature) directly proportional to the
desired quantity 7yg(A). (b) Experimentally, it was
found that the quadrature is more stable than the PPE
phase, and thus more sensitive to minute signal changes
by a factor of * 3. This has been attributed to the fact
that the lock-in phase does involve the in phase (IP) as
well as the quadrature (Q) components. Therefore, phase
stability is subject to any small direct optical signal fluc-
tuations. These may dominate the quality of the phase
channel output, since the latter is up to 2 orders of mag-
nitude lower than the in-phase signal for transparent ma-
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terials. In quadrature PPE detection, which acts as a
very efficient optical background signal filter, the noise
sources are entirely thermal and indirect (i.e., following
heat release in the optically excited sample). On the oth-
er hand, in-phase PPE detection is mostly dominated by
direct, photothermal noise of light impinging on the
detector and locally converted into heat. As a result, the
phase signal cannot fully compensate for fluctuations in
the directly transmitted signal, but involves both optical
heating and purely thermal noise sources, while the quad-
rature signal involves thermal noise only.

The described PPES system design and the concomi-
tant theory have allowed high-resolution, absolute VIS-
range measurements of the nonradiative energy-
conversion-efficiency spectra from optical quality
Ti’*:A1,04 samples for the first time. The spectra were
obtained self-consistently from two PPE measurements
under identical conditions and at a low modulation fre-
quency (f <<7~ 1), using two detector-sample surface dis-
tances (i.e., air layer thicknesses).

III. THEORY OF NONCONTACT PPES

In order to analyze quantitatively PPE quadrature data
from transparent materials which are very weak sources
of thermal waves, the approximate theoretical formula-
tions presented by Coufal’®* and by Christofides et al.?¢
are inadequate and must be replaced by a general one-
dimensional treatment which takes into account all ener-
gy pathways and determines explicitly the dependence of
the PPES signal on each and all system parameters. Fig-
ure 1 shows the one-dimensional theoretical geometry:
An optical beam of intermittently modulated intensity
and wavelength A impinges on a transparent solid of
thickness /, optical-to-thermal (nonradiative) energy con-
version efficiency nmyr(A), optical absorption coefficient
B(A), and optical reflectance R (A). The backing materi-
al is an air gap of (variable) thickness L, interposed be-
tween the sample and the PVDF pyroelectric detector.
The thickness of the pyroelectric detector element is as-

Air Solid Air PVDF
(g (s) (g) (p)
B
Iy (w; })
—\/\~ o
R \)
0 / /+L X

FIG. 1. Experimental geometry for the theoretical analysis of
noncontact PPES of a transparent sample of thickness /, optical
absorption coefficient B(1), and nonradiative energy-conversion
efficiency mng(A). Air layer thickness L; semi-infinite PVDF
detector. Optical modulation angular frequency: w; incident
optical intensity /.
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sumed to be large (semi-infinite) compared to the thermal
diffusion length at the working modulation frequency.?
A thermal source is formed in the solid following absorp-
tion and nonradiative deexcitation according to the fol-
lowing mechanisms: (a) Fractional transmission of the
optical beam through the bulk of the solid, including
multiple reflections at the solid-air interfaces. Figure 2
shows several interreflections and their contributions to
depth x in the solid. Odd and even powers of R, can be
summed up in a geometric series yielding the result
Ix)=3 I,(x)

n=1
1—R,

—Bx — B2l —x)
1—RZe [e7P*+R.e 1. (1)

0

(b) Reflection of the light transmitted through the sample
by the metal electrode (coating) of the detector. The
reflected energy is sizable, on the order of 45—-65 % in the
VIS range, Fig. 3. As a result, it can be shown that the
contribution of this reflected optical source, incident on
the sample at x =/, is given by

(1—R,)e #

TG)= R | S o

X[e BI=X 4R e BITN], (2a)
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FIG. 2. Cross-sectional schematic of a solid of reflectance
R, (1), optical absorption coefficient B(1), and thickness I/, show-
ing contributions of the first seven interreflections to the optical
intensity at depth x.
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FIG. 3. Reflectance spectrum, R,(A), of Kynar® PVDF
metallized with Al/Ni coating.

where Eq. (1) gives
1—R?

IR R Py -/}
—Rie B e . (2b)

1()=1I,

In Egs. (2), R,(A) is the reflectance of the metallized
PVDF detector and can be determined experimentally.
Notice that higher fractional orders of reflected light
from the detector need not be considered due to the low
value range of R (L), also determined experimentally
(<10% in the spectral range 400-1000 nm, Fig. 4). The
sum of Egs. (1) and (2) gives the total optical energy con-
tribution to depth x in the solid:

I(x)=I(x)+J(x)=1, -1% F(x), (a)
where

F(x)=N,e P+ Nye B2 | (3b)

N, =14+R,R,(1+R,)e ", (3c)

N,=R,[1+R,(1+R/)] . (3d)

Now we may turn to the coupled thermal-wave equations

in the air-solid-air-pyroelectric geometry of Fig. 1:%°
d’T,
+—03;T,=0, x<Oand [Sx=<I+L, (4a)
dx
d’T, o -
03T, =0, x2I+L, (4b)
d’T, o I(x;)\) - <
e — 0o T,=—nnr(A)BA) 2—ks , 0=x=I.
(4c)
J
1 é—g‘l _ b
Cﬁ_—[ G |7 Vs el GOl gzp -1
§— Vb §— Vb
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FIG. 4. Reflectance spectra, R,(A),
Ti:sapphire crystals with FOM =40 and 800.

of 2.0-cm-thick

In Eqgs. 4), 0;=(1+i)Vw/2aj is the complex thermal
diffusion coefficient in material (j) with thermal
diffusivity a;; j:(g,s,p). k; is the solid thermal conduc-
tivity. The wavelength dependence of I, via the
coefficients B(A), R (L), Rp(}») has been explicitly denot-
ed in Eq. (4¢c). The solutions to Egs. (4) giving the ac tem-
peiatures in the various regions of Fig. 1 are

Tg(x;co)=C1eagx, x <0, (5a)
T.(x;0)=C,e’ +Cse *"—EF(x), (5b)
s 2 3
o (x—1) o (x—1)

Tg(x;a))=C4e_ g +Cse 8 ,
I=x=<I+L, (50

Innr(MBA) [ 1—R,
E= ;ZT;Z o (T | 0SxSL, (9
s —O-S - Se
and
T,(x;0)=Cge """ x>1+L . (Se)

The standard boundary conditions of temperature and
heat flux continuity’® can be used to determine the
coeflicients Cj, j=1-6. In particular, the heat flux
boundary condition at the air-pyroelectric interface
x =1 +L is written as

d d
—kaTp(x;a))|x=,+L +kgETg(x;w)|x=l+L

=Io(1=R,)e P, (6

where k, and k, are the thermal conductivities of py-
roelectric detector and gas (air), respectively. The solu-
tion of the system of six algebraic equations in
{Cy,...,Cg4} yields the value of Cg, which is proportion-
al to the PVDF pyroelectric response:

T

0
1+b,

} [§Q2~Yng3§_l+2 {
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where Now the photopyroelectric signal can be written:?’
I(1—R,) 1—R? ioTgpL
G= A, (7b) = TEPTp ) 3
k,o, 1—R2e % Vie) e(l1t+ioTy) (Tp(x,a))> ®
Tzeagl‘ , where p is the pyroelectric coefficient, L, is the thickness
ol of the PVDF detector, 75 is the RC time constant of the
=e *, equivalent circuit comprising the pyroelectric element
1—b.. and the preamplifier, € is the dielectric constant of the py-
Y= —I—-F_IJU— , (7c)  roelectric, and
ij
— 1
y = KV (Tp(x;w))=~L—prTp(x;w)dx
ij— — 4
kv a;
] 1
— C6 —o, L
rS:B/0s7 - (1_6 pp)_ (9)
_ o,L,
QIE_E[VS(Nl—Nze 261)
+b, (N,+N,e 2)], 7d For our semi-infinite, thermally thick PVDF film
s (V1 2 ] 7d) (0,L,>>1), the PPE voltage response can be written
Q,=E[N,+N,+r(N,—N,)le #, (7e)

a V(o)= ioTgpCelw) =5 )C6(a)) (10)
O3s=E[N+N,—r(N,—N,)]e ) (79 @ el +iorg)o, =S(w o, .
A=7(1+b,,)

* - Here S (w) is an instrumental factor which can be experi-
—7 Y 1—=b,) |y _E—& . (7g) mentally normalized out. Finally, the PPE signal in the
& Ele —Vgs§ -1 geometry of Fig. 1 can be expressed as follows:
|
IS (w) 1—R;
Viw)= 2 2, —281
k,op5(1+b,,) | 1—Rje
l—e —20l 20 L
- — 40 -
X L(1+R)(1—R,) [ 1=y, TTa | ¢ e P
T Vg€ :
—(ol +UgL)

ng T]NR(}\,)B(}\.)e
o, (1+b 2= 1(1—yke )

2

X
1+ by,

[ (N —Nye ") 4b, (N, +Nye )]

([N, +N, 47 (N, —Ny)]e ™ = y 1 [Ny + Ny = r(N; —N,)]

—ol

Xe Sle P

/ 1 =75V .

This equation gives the most general response (MGR) of
a PPE noncontact experiment. It is instructive to consid-
er several special cases of experimental importance to this
work.

(1) Optically opaque solids, BI >>1:

e Pl~0, |r|>1, N,=1.

Then Eq. (11) reduces to

1—e

—Zaxl o L

— 0
g ¢ | (11)
T

b
V(w)=2S(0)(1—R,) ; 25 TTNR .
k, 05 (14bg, )(1+by,)
e_asl e—agL
x 20,1 e |- 12

I—yZe " || 1=ygvge ¢

Equation (12) shows that (i) all optical absorption
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coefficient information concerning the solid vanishes, as
expected under PPE saturation;?° (ii) the signal is purely
thermal in nature and exhibits the familiar strong decays
in magnitude through sequential passage across the body
of the solid and the gas; (iii) there is a possibility of opti-
cal information about the solid surface through the signal
dependence on the surface reflectance R (A).

(2) Absence of a solid layer: /=0. In this limit it can
be shown with a straightforward but tedious manipula-
tion that the MGR reduces to

S(w)o[1—=R,(1)]

V()= : (13)
R ko2 (14 by,

This expression is as expected from direct incidence of an
optical beam on the pyroelectric surface?® and Eq. (13)
serves as a normalizing reference signal.

(3) Purely optical transmission mode: L — . In this
case the MGR gives

S(w)Io(1—R,)
V. (w)= 3
k,op(1+b,,)

1—R?

—Bl
1-R2 2 |° (e

No thermal information about the solid can be obtained,
since the sample and the detector are entirely decoupled
thermally. This case is important in that a normalized
measurement, with and without the solid in place, yields
the value of the absolute optical adsorption coefficient,
when Eq. (14) is solved for f3:
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where

PoM)=V (0;1)/Vi(w;A) . (15b)

(4) Mixed thermooptical mode: Application to
Ti**:AlL,0; laser materials. The MGR, Eq. (11), can be
simplified considerably by considering the value of the
thermal coupling coefficient b,, for the case of

Ti:szas.pphire laser crystals. The pertinent solid values
are

ks _ 033 Wem 'K!
(pe)s 3.1 Jecm 3K ™!

a, = =0.106 cm?/s .

The k% and @, values for air are ~2.38X107*
Wem™'K™! and ~0.19 cm?/s, respectively.?’ These
values yield by ~5.4X107% or y,=0.9989, Eq. (7c).
Similarly,”® by, ~9.76 X 107>, or y,, ~0.981. As a result
of the near-unity values of Ves» ¥ gp» @ simplification in Eq.

(11) can be obtained by setting

—20,l 1_}’359
20 1 = —20 L =
s —
1=Ygvgpe ¢

—20 L
1—e &

l—yzse_

1 (16)

B(A) correct to order 8g5(2—-8gs)=2.2><10“3, where
1 1—R2 8 =1—vy,; and to order 8,=1.9X1072 where
*_*I‘In 2R2p {\/1+[2PooRs /(1_Rs2)]2“1} ’ SgPEI—ygp, respectively. Under approximations (16),

§iee the MGR equation (11) normalized by the direct detector
(15a) response Vi (w;A), Eq. (13), reduces to
J
Vi(w;A) (A) b r, ~o, L
VL( A) = 12 —2pB! (I_Rsz)e _ﬁl+ IZI\_I_}_{R 1_+_g; [ 2 ! —20 ! . —20,L
R1@; 1—=RJe p s re—1 1—yie 7 1=YgVgpe ¢
N _ _ —o !
1+2b [, (N, —Nye ")+ b (N, +Nye )] %
8s

~[N,+N,+r(N,—N,)

~ Ve IN1+N,—r (N, —N,)}e

27511 —p1 (17)

The structure of Eq. (17) is reminiscent of earlier, less complete, equations reported in Refs. 24 and 26: The first term
in the large square bracket on the right-hand side is the result of direct optical transmission after infinite interreflections
through the solid, including a source due to the strong reflection from the metallized surface of the PVDF detector.
This term then corresponds to the purely optical mode. The second term is the result of the optical heating of the solid
due to absorption and subsequent thermalization. It is proportional to the thermal coupling coefficient, by, as expected
from the thermal energy release across the solid-gas back interface (bgs <<1); it is further proportional to the desired
quantity, 7ygr(A), also a small number in optical materials. The rest of the solid constituents of this term involve the
optical and geometrical properties of the solid, a fact that renders the term into a mixed thermooptical mode. Finally,
there is an important L dependence in this second term, which plays the role of the thermal-wave phase shifter’*2¢ with
controlled thickness and zero absorption. It is important to note that the first term on the rhs of Eq. (17) is real,
whereas the second term is complex, small in magnitude, and directly proportional to 7yg(A). Based on the structure
of Eq. (17), a polar coordinate representation may be written in the following form:
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—a L
Vi(w;A) 1 b r,le %
= (1—R2)e P4+ ypur(A) |—5
Ve(@;h) | 1—RZe 2 S TN T by, | (1-R,)IZ4(1Z,]1Z5]
|Z,] —al —iy —iy —2a1 —iy
X |2 se '—(|Zsle =y |Zsle e e TP,
[ [1+ng 5 g6
(18a)
where
irs|=‘/§a , a;=Vw/2a;, j=gs . (18b)

The rest of the terms appearing in Eq. (18a) are given in the Appendix. Based on Eq. (18), two consecutive measure-
ments can clearly give self-consistent values of [B(A),nygr(A)]: (a) With the detector position at “infinity” (i.e.,
L >>ag_1 ), we obtain

()= (1—R2)e™ P
Ve(w;A) Petfi™

1—R2e ™% (19
This equation gives the absorption coefficient directly if R (A) is known. Thus, we retrieve the purely optical mode, Eq.
(15). (b) With the detector-solid sample distance at “infinity” the lock-in analyzer phase is set to zero, either in the ab-
sence or in the presence of the transparent sample. Then the sample-detector position decreases sufficiently, so that a
nonzero lock-in quadrature S, signal appears. This is the thermooptical mode. When normalized by the detector

response, theoretically, this operation corresponds to taking Im[ V, (w;A)/Vz(w;A)] in Eq. (18):

So(ML)=Im[Vy (0;A)/Vg(@;1)]
1

= T]NR(k)b

® | [1—R,(A)][1—R2A(A)e 2]

‘ (M)

|Z, (M Z,(0)]|Z5(L)]

X { 21Z, (Ml “'sing, (ML) — [ Zs(M)singhy (A L)~y 5 | Zg(Me *'singhs(A;L) e 1 . (20)

The most important dependences in Eq. (20) are those on
A and L, since the geometry of Fig. 1 allows the PPES
measurements for (3, 7ygr) determination to be performed
at a single modulation frequency, by varying the distance
L. This configuration optimizes the accuracy of the tech-
nique because there is no need to account for the (usually
unknown) transfer function of the instrumentation. Fur-
thermore, it is clear from Egs. (18) and (20) that the selec-
tion of the quadrature signal, Sg(A;L), efficiently
suppresses the very large direct optical contribution to
the PPE signal, which appears in the IP channel of the
lock in. Using the B(A) values obtained in step (a) in Eq.
(20), along with the easily predetermined values of R,(})
and R (M), the quadrature channel yields the purely
thermal mode, i.e., nyr(A). Absolute (quantitative) spec-
tra can thus be obtained with careful measurements of
the Sy(A;L) dependence on L. This quantity must be
known very accurately; in this work it was estimated by
fitting the PPE data to the theoretical signal-dependence
curve on L.

IV. EXPERIMENT AND RESULTS:
B(A) AND 7yr(A) PPE SPECTRA

A. Materials preparation

Crystals of Ti:Al,0; were grown by the Czochralski
pulling technique from a molten mixture of Al,0;-Ti,0;.

The starting materials used were 99.999% pure (Al,O;;
Ti,O;). The growth conditions were pulling rate=0.3
mm/h, rotation rate=5 rpm, ambient atmosphere was
purified argon, the seed was sapphire 90° (off C axis) 4
orientation. The starting materials were melted by means
of RF heating in an iridium crucible. Crystals were
grown 2.5 in diameter and 10” long. A postgrowth
treatment process was applied, based on earlier practice
at Union Carbide. The grown crystals were annealed at
1850°C for 20 h in an atmosphere of 50% H, and 50%
Ar. Some samples were cut from the boule following this
treatment. These samples exhibited low figure of merit
(FOM =40). Several samples were then prepared from
crystals subjected to further annealing in pure H, at
1940°C for 180 h. This type of treatment is known to im-
prove the quality of Czochralski-grown Ti**:A1,05.%° As
a result, the overall optical quality of the crystal im-
proved, vyielding a much higher figure of merit
(FOM ~=800). Finally, all samples were subjected to
“low-temperature” annealing at 1100 °C for 12 h, follow-
ing the “rough” fabrication (slicing and grinding). Thin
and thick batches of samples were thus prepared and pol-
ished, and the FOM were measured.

B. Instrumentation and spectroscopy

The reflectance spectra of the PVDF detector with Al-
Ni coating®® and of the Ti:sapphire samples are shown in
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Figs. 3 and 4, respectively. The experimental value thus
obtained was used in subsequent calculations, whenever
R,(A) and R,(A) values were required. Noncontact pho-
topyroelectric spectra were then obtained using in-
strumentation conforming to the geometry of Fig. 1. The
schematic of this apparatus, a modification of our earlier
PPE spectrometer,?® is shown in Fig. 5. The 1000-W
Xe-lamp spectral throughout was f-number matched to
the entrance of the monochrometer (MC). The output ra-
diation was collimated with the lenses (L) and chopped
with a mechanical chopper (C), before impinging on the
polished surface of the crystal (S). The sample (S)-PPE
detector (D) assembly was mounted on optical benches
supplied with micrometer stages, which allowed the dis-
tance between them to vary from ~ 100 um to “infinity”
(~5 mm), by either moving the sample or the detector.
Positional dependence of the PPE signal was minimized
by placing the detector surface at the beam waist of the
focused radiation. This proved to be a necessary correc-
tion procedure for some samples and/or wavelengths in
which the PPE quadrature signal was so low as to be on
the same order as the positional dependence due to inten-
sity variations of the incident beam, resulting from its
slow spatial convergence (or divergence). The alternate
procedure of varying the sample position proved to be
generally satisfactory and gave spectra of similar quality
to the detector position variation.

Two sets of Ti*":A1,0; crystals were studied: One set
consisted of long (thick) rods, ~1 cm in diameter and 2
cm in length comprising high and low FOM samples.
The other set consisted of thin ( <0.13 cm) disks of the
same diameter and from the same materials. Optical ab-
sorption coefficients were obtained photopyroelectrically
in the purely optical transmission mode using Eq. (15).
The condition L — o could be satisfied in the thermally
thick gas layer for L 5 mm, at chopping frequency
f=9 Hz. At L=1 cm the PPE signal quadrature was
zeroed and the sample holder was slid sideways and out
of the beam path on the optical bench to record the lamp
spectrum, Vg (w;A) (see double arrow above S in Fig. 5).
With the sample back in place, the spectrum of the light

Xe

LIA
Ref. (w)

e 1 ]

FIG. 5. Schematic of noncontact PPES spectrometer. MC,
monochromator; L, lens; C, chopper; S, sample; D, detector; P,
preamplifier with adjustable band-pass filters; LIA, lock-in-
amplifier (EG&G Model 5209 in the IP and Q modes); CD,
chopperdriver; PC, computer for data acquisition, processing,
and theoretical analysis; G, graphics and plotter.

transmitted through the transparent crystal was record-
ed, corresponding to ¥V (w;A) in Eq. (15b). We found it
important to record these two spectra within the same
experimental period for each sample and after complete
thermalization of the instrumentation (~1 h after turn
on), in order to obtain adequate quantitative reproduci-
bility of the nygr(A) spectra. The absolute values of B(A)
are shown in Fig. 6 for four Ti’*:Al1,0, samples. These
spectral features and values were subsequently verified by
conventional transmittance spectroscopy.

Thermal energy generation spectra were recorded at
each wavelength after the “infinite distance” (purely opti-
cal) measurement was made, by decreasing the distance L
to some predetermined value <1 mm at which a measur-
able stable quadrature signal was present. Although, in
principle, nulling the Q channel at L — o at one wave-
length is sufficient for the entire spectrum, in practice,
the strong optical transmission variations of the Ti*" ion
across the spectrum induced small changes in the PVDF
detector phase, a result of different dc optical heating lev-
els of the polymer. These changes were ~0.5° and were
found to interfere with our measurements of phase varia-
tions due to thermal-wave generation in the crystals.
Therefore, in these experiments the quadratures of the
signals corresponding to “infinite” and ‘“finite” L dis-
tances were subtracted at each wavelength. A further
correction was made whenever the positional variation of
the Q signal was significant ( > 10%) on the scale of the
magnitude of the spatial profile of the generated thermal
wave in the gas column. This only occurred with the
weakest signals from the thick FOM = 800 sample.

If qualitative 7y gr(A) spectra suffice, absolute
knowledge of the particular L value at which the spectra
are recorded is not necessary, as long as the B(A) spec-

2.4

B (cm—l)

0908 346 784 522 560 598 636
Wavelength (nm)

FIG. 6. Optical absorption spectra of Ti’t:Al,0; crystals,
obtained with PPES in the purely optical transmission mode,
Eq. (15), at f=9 Hz. (A-A-A): 1=0.0813 cm, FOM=40;
(X-X-X): 1=0.1295 cm, FOM=800; (+-+-+): 1=2.0169
cm, FOM =40; and (O-0-0): /=2.0125 cm, FOM =800.
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trum is known and the other A-dependent quantities
(R,,R;) do not exhibit strong spectral gradients. This
transpires from Eq. (20), which shows a simple linear
dependence of S, on 7yg. This feature may be used to
produce “rapid-scan” spectra of 7yg(A) in situations
where only relative values matter (e.g., an industrial qual-
ity control setting). For the purposes of this work, it was
desirable to obtain absolute measurements of 7ygr(A).
For this reason, the rapid spatial decay of the thermal
wave in the gas, Eq. (17),

—o L
e g

V; (w;L)=const X , (21)

—ZUgL
1 =YgV epe

necessitates excellent precision in the knowledge of the
actual value of L. This can only be achieved upon match-
ing experimental decay profiles to theory, as shown in
Fig. 7: The experimental curve always appears at an
offset distance with respect to the theoretical profile
which gives the absolute distance of the PVDF detector
from the surface of the sample. A rigid shift of the exper-
imental curve by 120 um, as shown, produced the desired
absolute best-fit L-value scale by subtracting the offset
value from the experimentally measured values. It can be
noticed that at distances L R 1.4 mm from the sample
surface an apparent deviation of the Q-signal data from
the theoretical thermal-wave profile occurs. This has
been tentatively attributed to the violation of the
(theoretically assumed) one-dimensionality of the prob-
lem at large L values. A stronger optical source will be
required to investigate this deviation, due to the very
high attenuation of the signal level at these distances, and

1.55

0.75¢

0.35}

Quadrature Signal (Arbitrary Units)

0937 10 18 26 34 42
Theoretical Air Gap Thickness (mm)

FIG. 7. Spatial decay profiles of the thermal-wave Q signal in
the air gap between sample and detector. Solid line: theoreti-
cal, Im[ ¥V, (w;L)], Eq. (20). Dotted line: experimental, using
the thin Ti:sapphire disk (FOM=40). The arrows indicate a
rigid shift by 120 um. Values in Eq. (20): a,=0.19 cm?/s,
Vg =0.9989, y,,=0.981; f =9 Hz.
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the concomitant deterioration of the signal-to-noise ratio.

Figure 8 shows respective IP and Q signal levels. The
former (direct, purely optical) signal is 2 orders of magni-
tude stronger than the latter (purely thermal-wave) signal
in the case of Tiissapphire PPES. For Nd,0; thin
powders this ratio was ~60.25 For 8 X 10'* Nd,0, mole-
cules in a 1-um-thick PMMA film coated on top of a 0.1-
mm-thick undoped PMMA film on a silver substrate,
Coufal measured phase shifts in the 0.1°-0.8° range with
his thermal-wave phase shifter.”* By comparison the
phase shifts corresponding to the plots of Fig. 8 are in-
variably in the 0.02°-0.2° range, due to the high optical
(i.e., poor thermal) quality of the Ti:sapphire laser materi-
als in this study.

Nonradiative energy-conversion-efficiency spectra,
Nnr(A), were obtained from thermal energy generation
(Sg signal) spectra, such as the one shown in Fig. 8 (Q),
by using the calculated absolute L values in Eq. (20),
along with the B(A), R (L), and R,(X) spectra deter-
mined earlier. These spectra are shown in Fig. 9 for both
sets of samples. It can be seen that the nyg values for the
thin disk samples are considerably higher (826 %) than
those for the thick (long-rod) samples (1-7 %). These
ranges are consistent with a thermal energy generation
measurement performed on Ti:sapphire by Albers et al.'’
Those authors used a resistive Wheatstone-bridge circuit
to measure heat released by a laser-irradiated sample in
intimate contact with a positive-temperature-coefficient
(PTC) resistor, by monitoring the change in the electrical
characteristics of the PTC resistor in the presence of a
heat flux from the sample. They reported radiative quan-
tum efficiencies in the 315-325 K temperature range,
consistent with 24-32 % mnygr values. In a different ex-
periment using all-optical (integrating sphere) methods, !
Byvik et al.3* determined the quantum efficiency of
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FIG. 8. In-phase (IP) and quadrature (Q) spectrum signal
levels from a thin Ti:sapphire disk (FOM =40), normalized by
the lamp spectrum at f =9 Hz.
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Czochralski-grown Ti:sapphire crystals directly from the
ratio of luminescent intensity to the adsorbed intensity at
the 514.5-nm line from an Ar™-ion laser. The measured
value, QF =0.7, implies a 30% value for nyg. Some of
the above-mentioned 7y values are certainly higher than
average values from our spectra. However, the integrated
luminescence measurements, like the one reported in Ref.
32, can only estimate a value for the spectrally integrated
thermal energy release, unlike the present spectrally dis-
tributed values. This fact accentuates the need for
wavelength-resolved nygr measurements. In recent publi-
cations Li et al.’*3* have presented a dc thermal tech-
nique for measuring 7y in laser materials, by comparing
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FIG. 9. Nonradiative energy-conversion-efficiency spectra of
the Tisapphire crystals. (a) Thin samples: solid line,
FOM=800; dotted line, FOM=40. (b) Thick samples: solid
line, FOM = 800; dotted line, FOM =40.
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relative optical powers required to raise the absorbing
crystal and a black surface patch to the same dc tempera-
ture. The 7nyg values thus obtained were in the 40—-55 %
range for Cr3+:A1203, and in the 60% range for
Ti’":Al,0;. Furthermore, a slight monotonic decrease of
TNk With increasing wavelength was observed in the
450-510 nm range in Ti’*:AL,0,. This trend is con-
sistent with our spectra, Fig. 9. The absolute nnr Values
calculated in Ref. 34 are seemingly too high when com-
pared with ours, and no spectral details in the A > 510 nm
range have been reported. An explanation of these
discrepancies may be given in terms of surface absorp-
tions leading to phenomenologically higher 7N Values
with the dc thermal technique. No such effects were con-
sidered by those authors, yet their evocation is crucial to
understanding the trends shown in Fig. 9, as will be dis-
cussed below.

V. DISCUSSION

The spectral line shapes of the optical absorption
coefficients, Fig. 6, are typical of the Ti**:Al,0; system.
These consist of a broad peak centered around 470 nm,
which corresponds to the ZTZg —>2Eg transition
broadened by phonons. The shoulder on the low-energy
side is due to Jahn-Teller splitting of the zEg (upper)
state.”> The thick samples exhibit smooth absorption
curves, with the absorption coefficient of the FOM =800
sample somewhat lower. This is in agreement with previ-
ous observations,”” which have established that annealed
Ti:sapphire samples exhibit lower absorption profiles, due
to the reduction in certain kinds of point defects and the
relaxation of Ti’" from interstitial or defect sites in the
desired A7 sites.

Considerably higher absorption coefficients, however,
were measured with the thin disk samples, Fig. 6. As in
the case of the thick samples, the trends for lower absorp-
tion with increased degree of annealing can also be seen
in the thin sample absorption. The secondary peaks in
the 440-490 nm range of these spectra do not usually ap-
pear in other published literature spectra.?>3»3° The
strong optical absorptions in the thin disks are accom-
panied by high values of nyg in the optically active re-
gion, at, or above, the upper 2E level absorption range
(480-500 nm). Similarly, below the 500 nm range the
two thin samples exhibit proportionately higher nonradi-
ative energy conversion than the thick samples, when
compared to the respective 7yg magnitudes for A S 500
nm. These thermal energy releases are most likely to be
due to efficient surface absorption layers, which convert
the optical energy into heat thus significantly decreasing
the luminescence efficiency. Surface absorption layers, as
a much more significant fraction of the total thickness
(and optical path length) of the thin samples, are also
seen to be efficient “nonradiative surface layers” (NRSL),
in the context of the nyg(A) spectra. They cause severe
optical losses by converting a far greater fraction of the
available optical energy to heat. On the other hand, bulk
absorption and energy conversion processes are expected
to dominate in the thick crystals, with NRSL’s contribut-
ing proportionately much less to thermal energy genera-
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tion than in the thin samples. Therefore, the optical
quality of the Ti:sapphire material can be immediately as-
sessed from the magnitude of the ratio of
NINr(A2) /NNr(Amin) values, where A, is the wavelength
at which the minimum 7y value occurs, and A, > A, ;. is
some (fixed) wavelength in the spectral region below the
fundamental electronic absorption peak, where surface
absorption and NRSL effects are expected to be most
pronounced. In earlier work Rosencwaig and Hildum?®
determined photoacoustically the 1y of lightly doped
Nd>" laser materials, using both microphonic and
piezoelectric detection. They used the ratiometric ap-
proach,’” which requires the PAS signal to be measured
at two absorbing wavelengths, A; and A;. The nonradia-
tive (and thus its complement, the radiative) quantum
efficiency can then be extracted from the ratio of the two
PAS signals, provided that (i) the latter are measured
with very high accuracy, (ii) the quantity (kj—-k,-) is as
large as possible, and (iii) surface layer absorptions are
absent, while incident optical powers and absorption
coefficients at A; and A; are known from independent ex-
periments. Those workers discovered non-negligible sur-
face absorption in their Nd:glass (Ed-2 silicate) samples.
In fact, at the Ar*-ion laser wavelengths of 476.5 and
514.5 nm, the microphonic PAS signals were found to be
predominantly due to surface absorption, with significant
surface contributions even in ultraclean samples. In an
experimental configuration resembling our PPE
(transmission) detection geometry, the piezoelectric PAS
signals contained a much lower contribution from the
surface absorptions, due to the backsurface detection
character of that contacting technique. In order to ob-
tain that information, however, specific wavelengths had
to be chosen at which the sample exhibited the same opti-
cal absorption profiles, so as to minimize the effects of
different photothermal spatial profiles in the PAS signal
amplitude and phase. Similar correction procedures were
followed by Quimby and Yen!3 and by Shand.!* The as-
sumption of strong surface absorptions in our thin disk
samples may also be able to account for the anomalous
secondary peaks in the near-peak absorption region of
Fig. 6. It is tentatively hypothesized that these peaks are
due to optical interference phenomena within a surface-
damage layer of finite thickness, most likely the results of
mechanical polishing of the crystals. In light of the spec-
tral profiles of Fig. 9, it is now apparent that the earlier
assumptions of spectrally constant %ygr(A), which
justified the use of the ratiometric approach and the
equations therein®®3’ must be reexamined and correc-
tions made for all but, perhaps, the closest probe wave-
lengths A; and A;. The recent work by Li et al.*>** must
also be reexamined in terms of the effects of surface ab-
sorptions leading to NRSL’s in their cut Ti**:Al1,0, crys-
tals. It is well known that dc temperature fields do not
have the ability to discriminate between surface and bulk
transport, since they do not use controlled spatial heat
deposition, unlike thermal waves. Therefore, one usually
obtains primarily bulk optical-to-thermal energy conver-
sion coefficients with dc heating, since the surface inho-
mogeneous layer does not enter into a weighed spatial
average. Nevertheless, the absolute value of this
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coefficient may be in error when calculated from dc mea-
surements®? because the surface heat source (i.e., a
NRSL) determines the absolute magnitude of the temper-
ature field in the bulk of the crystal due to efficient heat
conduction. As an example, the presence of a truly
effective NRSL would require a small increase in optical
pump power at the transparent site to raise the surface
temperature (measured by a thermocouple or a thermis-
tor) to the level of that measured under absorption by the
blackened portion of the surface. As a result, a mislead-
ingly high 7y would be calculated, which would be sub-
sequently assumed to represent the actual value
throughout the sample bulk, although the latter may be
substantially lower. The spectral behavior of the thus
measured 7yg would be dominated by the bulk and can
be very useful qualitatively. Of course, frequency-
scanned thermal-wave measurements such as those
presented in this work can probe both bulk and surface
7Nk contributions*® and may, therefore, be used to
separate them out, when coupled with spectroscopic mea-
surements. This work is under development with our
Ti**:AlL,0; samples and will be reported in a future pub-
lication.

The present noncontact PPES technique offers very
satisfactory spectral fidelity (reproducibility) of ygr(A)
absolute values, although the quadrature signals, Sy, are
2 orders of magnitude lower than the IP, purely optical
heating, signals. Figure 10 shows the variances observed
in separate experiments using the lowest nyg-producing
samples, the thick Ti**:A1,0, crystals. This high degree
of experimental accuracy is expected to allow meaningful
measurements of 7yg(A) in the challenging case of laser
materials, in general, as well as catalyze developments in
the theoretical understanding of this quantity. Contact
PPES cannot offer the degree of reproducibility shown in

nwr (%)

246+

12058 740 772 504 536 568
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FIG. 10. Experimental spectral variances of nyr(A) values
calculated from separate experimental runs. (O-0-0), thick
Ti:sapphire sample (FOM=2800); ( ), thick Ti:sapphire
sample (FOM =40).
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Fig. 10, due to the large variances in thermal contact
resistance from one experiment to the next, which totally
dominate very weak thermal-wave S, signals®® such as
those on which the spectra of Fig. 10 are based.

Preliminary attempts at identifying the origins of the
nnr(A) responses of the absorption band indicate a high
degree of complexity below the metastable level absorp-
tion threshold. Following optical absorption and *T—2E
electronic excitation, there should be fast nonradiative
transitions (“fast heat”) to the long-lived metastable level
with ~3.3-3.8-us lifetime at room temperature.'?’ Be-
tween laser-active levels only heat governed by the nonra-
diative transition probability-quantum efficiency of the
Ti** ion in the Al,0; host should be released (“slow
heat”). On the time scale of our modulated experiments
(T =f"1=0.1s) both thermal decays appear instantane-
ously. Thus, 7yg is expected to be in a four-level laser
system:

NnR(Fw;3 0)= 13 (E3 5, /E3 )

Wxr
— |(E E
-+ WR+WNR ( 2y1/ 3,0)
tN,0(E o/Es )+, (E;) , (22)

where E, indicates the ground state and Ej; is the ab-
sorbed photon energy: fiw; o=E;—E,, Wi (Wyy) is the
radiative (nonradiative) emission probability of the upper
laser level, and 7;,,; is the nonradiative energy-
conversion efficiency between levels (j +1) and (j). The
term 7,(E;) due to the presence of NRSL’s has been add-
ed in Eq. (22) with no a priori knowledge of its effect,
magnitude, or spectral behavior. The structure of Eq.
(22) shows that for photon energies above the metastable
level yr(E;) should decrease with decreasing energy E;
and the first term on the right-hand side becomes zero
when E;=E,. This trend is in agreement with Figs. 9(a)
and 9(b) for 7iwX2.6 eV (~490 nm). At fio~E,, the
7nr(fiw) spectrum is expected to be most sensitive to the
ratio Wyr/(Wx +Wyr)=1\&, i.e., to the nonradiative
quantum efficiency of the laser medium, a small number
in high-quality optical materials [e.g., ruby, 5-10 %;'>!7
alexandrite, 0-5% (Ref. 14). Below E,, the value of
TR Ay rise again, since it only depends on the last two
terms on the rhs of Eq. (22). These trends are also in
agreement with Fig. 9. The effects of 7,(#w) seem to be
dominant at the low-energy end, as witnessed by the large
variances in spectral profiles across our set of samples in
this region. Regarding the spectral minima in the
7nr(fiw) curves as indicative of 9\, an upper limit in

that quantity may be calculated without further
knowledge of 7, (#w):
E
R (0 )i 2 AR | 22 J 23)
2,0

For Ti**:A1,0; we may take the peak of the fluorescence
spectrum at 760 nm (Ref. 19) as E, ; and E, o~ (%iw)yp.
This yields, from Fig. 9,
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PR(Ti*F:ALO;) pin: Fom=40 S 13.80005 ,
MR(Ti* T :ALO3) hin; Fom=s00 S 12.70005 ,
NR(Ti* T :ALO) hick; Fom=40 S 1.90005 ,

IMR(Ti*F:ALO) ek Fom=s00 S 2.40005 .

(24)

Detailed theoretical models of the Ti3":Al,O; system are
currently under investigation,?®?! extended to incorpo-
rate 7yp(fio) and 7§ information for better
quantification of the latter quantity and for our under-
standing of the role of NRSL’s.

VI. CONCLUSIONS

A sensitive noncontact photopyroelectric (PPES) tech-
nique was developed theoretically and experimentally.
This technique was applied to the Ti:sapphire laser ma-
terial system and a matrix of industrial crystals was stud-
ied. The efficient suppression of the direct optical heating
mode of this PPES technique has allowed purely
thermal-wave signal (quadrature) monitoring generated
by minute optical-to-thermal (nonradiative) energy con-
versions in high-quality Ti:sapphire samples. Bulk- and
surface-originating high-resolution spectra of these ma-
terials’ nonradiative energy-conversion efficiencies were
obtained with a single experimental configuration and an
excellent degree of fidelity (reproducibility), despite the
extremely low signal levels. These spectra exhibited a
strong variation across the visible range, thus bringing
into question earlier assumptions on the spectral constan-
cy of nonradiative (and, therefore, radiative) energy
efficiencies in photothermal measurements of these quan-
tities in optical materials. Contributions to the absorp-
tion and nonradiative spectra from the polished crystal
surfaces were found to be substantial and the concept of
‘“‘nonradiative surface layer” was introduced to define the
surface localization of the optical-to-thermal energy con-
version effects. The nonradiative spectra are in essential
agreement with simple energy decay comnsiderations in
four-level laser media. The nygr(A) spectral profiles, be-
sides their intrinsic fundamental interest, can be used as
efficient criteria of Ti:sapphire optical quality for indus-
trial crystal growth and process control, including post-
growth annealing and laser rod fabrication.
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APPENDIX:
POLAR-COORDINATE COMPONENTS OF EQ. (18a)

(1) Amplitude components:
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1Z,|=[1+(B*/2a}*]'"?, (A1)
1Z,|= {[1—yése‘Zachos(ZagL)]z—Fygse_4agLsin2(ZagL)}1/2 , (A2)
191 20z 2 , 5 | 1@l 2 —4a,L . , 2
|z, = l—ygsyg”—z—le cos(¢;—¢,—2a,L) | +v5¥e IFAl e sin®(¢; —¢,—2a,L) , (A3a)
2
where
1011={[1—¢ **'cos(2a,)P+e ““'sin2a,1}"2 (A3b)
1 e42a‘Isin(2asl)
¢, =tan Ey (A3c)
1—e ““cos(2a,l)
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2 —Za:I_
ce sin(2a,l)
¢2=tan—1 Yg —2al > (A3d)
1—y}e " cos(2a,l)
2 172
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(2) Phase components:
T
Y =¢,—d3tdstdsta,L tagl +Z ) (A7a)
where
$;=tan"! s (N, = Npe ) (A7b)
— n r— ,
R TN, — Nye )+ Vab, (N, +Nye ~2#)
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= o (A7d)
$s=m+tan 75 |7, ’ ,
where
T
U, =¢,+dstds—dsta,L "‘Z > (A8a)
where
$e=tan ! I |V, V) (A8b)
° P (N, =N+ V2N, +N,) |
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