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There is significant interest in mid-wavelength type II strained layer super-
lattices (SLSs) and HgCdTe material systems for background limited perfor-
mance, operating at significantly higher temperature, 7' > 150 K, than InSb,
T ~ 80-90 K. A precise knowledge of the electronic and optical properties of
these materials is desirable since they determine detector performance and
are needed for input parameters in self-consistent physics-based predictive
models. Recently, data on the optical absorption coefficient, and the hole
minority carrier lifetime has become available, suggesting that in the extrinsic
region the limiting recombination processes in mid-wavelength type II Ga-free
SLSs are radiative and Shockley—Read—Hall (SRH). These findings provide
the opportunity for comparisons with mid-wavelength HgCdTe. The compar-
isons show that the radiative recombination coefficients are similar; however,
the SRH lifetime limited to 9 us for the SLS implies that the dark current
density is expected to be limited by bulk generation—recombination (G-R)
SRH processes for temperatures below 160 K; hence requiring heterojunction
designs to suppress the G-R dark currents and be diffusion limited. Mid-
wavelength infrared HgCdTe photodiodes are shallow p*n photovoltaic de-
vices and because of the very long SRH hole lifetime are diffusion radiatively

limited photodiodes down to 80 K.

Key words: Heterojunctions, superlattices, InAsSb, HgCdTe, infrared
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INTRODUCTION

In contrast to binary mid-wavelength infrared
(MWIR) InAs/GaSb p-type II superlattices, which
are limited in detector performance by relatively
low electron minority Shockley—Read—Hall (SRH)
lifetimes ~80 ns, recently published MWIR Ga free
n-type II (43 A, 12 A)—IHAS/IHASOb54Sb0.46 struc-
tures have much longer lifetimes ~4.5 us at 77 K,
Trad. ~ 8 us, and tggm = 10 ps.' For the samples
reported, the n-type carrier concentration was esti-
mated from capacitance to voltage measurements to
be ~5 x 10 em™3. The strained layer superlattice
(SLS) samples were double heterostructures
with InAs/InAsSb sandwiched between two 60 nm
thick AlAsg0sSbgge layers. Optical absorption
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spectroscopy was used to measure the absorption
coefficient o (cm ). The energy gap was determined
using photoluminescence (PL) and the recombina-
tion lifetime measurements were made using the
optical modulation response method. Based on the
observation that the intrinsic recombination life-
time in the extrinsic region of the semiconductor is
dominated by radiative recombination and not
Auger(e—e) processes,’? the spectral shape and
position of the absorption edge is important to
quantify.? From the absorption edge the energy gap
can be determined and from the spectral absorption
the radiative recombination rate per unit volume G,
(em~2 s71) can be calculated.* At a given tempera-
ture, G, and n;, the intrinsic carrier concentration,
are fixed, and the radiative lifetime is given by
Traa = N2/[Ge(no + po)]. The radiative recombination
coefficient B (cm® s 1) is defined as Gr/niz. Hence, the
radiative lifetime depends on the doping when the
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excess carrier concentration n, < (ng + pg), with ng
and pg the equilibrium electron and hole concentra-
tions, respectively. To calculate B(T, E,), given
E(T) from the (PL) data, an estimate of the electron
and hole effective masses was used to calculate

ny(T). A series of absorptlon spectra at selected
temperatures were measured®? to calculate G.(T).
This methodology to interpret the measured recom-
bination lifetime provided a fit to the data with the
SRH recombination lifetime and photon recycling
factor as fitting parameters.”® In our analysis,
using the measured spectral absorption coefficients
we derive analytical equations for the radiative
recombination coefficient B(T, E,) that enables a
functional comparison on temperature and energy
gap with B(T, E,) for MWIR HgCdTe.® The analysis
provides the Varshni parameters for this SLS
structure energy gap as a function of temperature
and E,0 K),° and a prediction of the dark current
density as a function of the detector operating
temperature.

The manuscript is organized as follows: in “Ra-
diative Recombination Coefficients for SLS and
HgCdTe” section we compare the radiative recom-
bination coefficient B(T, E,) for the SLS and
HgCdTe. In “Measured and Modeled Recombination
Lifetime” section we model the recombination life-
time measured.! “Modeled MWIR InAs/InAsSb
Dark Current Density” section contains a calcula-
tion of the expected dark current density for the
SLS as a function of the inverse temperature of the
detector. “MWIR HgCdTe Measured and Modeled
Dark Current Density” section contains the mea-
sured dependence of the recombination lifetime at
80 K for mid-wavelength HngTe on the donor
carrier concentration Ny (cm ®), including discus-
sions on the modeled and measured focal plane
array dark current dens1ty data as a function of
inverse temperature.” The summary including sug-
gestions for future research directions are presented
in “Summary and Research Needs” section. Sec-
tion VII contains the acknowledgements and section
VIII contains the references.

RADIATIVE RECOMBINATION COEFFI-
CIENTS FOR SLS AND HGCDTE

In Fig. 1, we show the measured optical absorp-
tion coefficient spectral shape and position of the
band edge used to determine the energy gap at 77 K.
The data was fitted below the gap with the Urbach
expression shown in the insert and above the gap
with a functional equation on the photon energy and
energy gap for a direct band gap semiconductor. The
fit is observed to be good for energy above the gap
~10kT, which is the region that contributes the most
to the 1ntegral equat10n for the recombination rate
per unit volume given by*

G, = 8nh3(n/c)? [{x(E)E?/[exp(E/kT) — 1]}dE,

(1)
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Fig. 1. Optical absorption coefficient versus photon energy of a type
Il mid-wavelength InAs/InAsSb superlattice.

where n is the index of refraction, 2 Plank constant,
and «(E) is the spectral absorption coefficient in cm ™.

Figure 2, is a plot of Plank equation for Q. the
number of photons per unit volume in a range dv as
a function of photon energy. Shown is the absorp-
tion coefficient and the product aQ.q, with photon
energy. The area under the curve «Q.q provided the
value of G(77 K) given in the insert. The Q.4
dependence on photon energy clearly illustrates
that the exponential term in the Plank expression is
dominant in the region of integration, this behavior
is attributed to the value of the band gap energy
that is much higher than £T in this region.

A series of measured spectral optical absorption
coefficients in the temperature range 77-275 K
were provided® that enabled using the analysis
described for the case T =77 K to construct the
Table I containing important information on the
material properties for the SLS structure (43 A 12
A) InAs/InAs;_,Sb,, x = 0.46, superlattice.’

G,: radiative recombination rate per unit volume
is calculated from the measured optical absorption
coefficient’ in cm ™!, as well as the band gap energy

E (T) = E4(0) — ocTz/(T+ B, Where E4(0) = 0.2533
eV, 0=3.9384 x 10 * eVK !, f= 29552K B(T)
the radiative recombination coefficient = G,(/n2 Ny =
5 x 10" em 2. m./mg = 0.368, mJmg = 0.0274. The
effective mass, for the conduction and valence band,
which enabled the calculation of ni(T) was provided
by Dr. Dave Ting. The table contains the calculation
of the Auger recombination lifetime; this topic is
discussed in “Measured and Modeled Recombination
Lifetime” section.

Figure 3, is a plot of the radiative recombination
coefficient as a function of the inverse temperature
calculated from the numerical integration of inte-
gral for G,, Eq. 1 The empirical fit to the data is
given by B = m/T™2, hence the radiative lifetime
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Trad. = T™%/(my x Ny), when nyo = Ng and pyo = n?/
Ny, valid for temperatures <175 K.

It is useful to derive an analytical equation for G,,
and hence B to compare with previously derived
expressions for MWIR HgCdTe and analytical
expressions for the functional dependence on tem-
perature and the band gap energy E (T). G, as a
functional dependence of the form exp(—EJ/kT),
similarly n(T) ~ exp(—Ey/kT), hence B = G,/n? is
expected to have a polynomial dependence on E,,
consequently SLS samples with comparable energy
gaps and absorption coefficients would be expected
to have basically the same radiative recombination
coefficient; a useful result for the analysis of com-
parable SLS structure designs.

Using for the spectral absorption coefficient the
equation «(E) = A(T) x (E — Ep)"?, where A(T) is
observed to be essentially a constant for the SLS
structure and equal to 1.1 x 10* cm™! eV Y2, the
integral Eq. 1 for G, becomes,
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Fig. 2. Variations of Qeq, «, and their product with photon energy for
77 K black body radiation.

Gr=87h3(n/c)?A(T) x [ (E — Eg)"/*E* exp(~E/kT)dE,
(2)

where the lower limit to the integral is E, and the
upper limit oco.

Changing the variable of integration so that the
lower limit is zero, Eq. 2 becomes

G, = Const.A(T) x (kT)"/*x exp(—E/kT)

x I'v(Eg/kT),
Const. = 8nh3(n/c)? = 4.844 x 10%, (3)
n=351, ¢=3x10"cms!,

h=4.1414 x 1075 eV s,

I (Eg/kT) = T'yi + 2(Eg/kT) ro + (Eg/kT)"I's,
(4)

where I = [x%2e*dx, I'yg = [x%/2e*dx, I3 =

[x1/2e *dx.

o 2510 ; ;
| SLS-structure’,
type Il (43A12A) -InAs/inAs | Sb ,x=0.46 1
10 ; : @
2107 —n(T)=15366"10"“T " *exp[-Eg(T)/2kT)} — */7
' |
EM=E0) ~«TT+B)  mm =0.0274 /
: = ’ m /m =0.368
1,510 |_E(0)=02533 (eV) Jm; |/
a=3.9384*10* (eVK") 6

p=295.52K X

110 | ‘ / () Numerical Calc. |
§ - — Analytical FIT
B¢

({ B =m1/T™
radiation
[1]L. Hoglund et al., APL 105, 193510 (2014)
P | PRI R

v
=

)
-
e

m1=7.593*10"
m2=1.880

Radiative Recombination Coefficient cm™/s

2 4 6 8 10 12 14
1000/T(K)

Fig. 3. Radiative recombination coefficient versus inverse tempera-
ture for a type Il mid-wavelength InAs/InAsSb superlattice.

Table I. Properties of a mid-wavelength n type II (43 A, 12 A) InAs/InAs;_,Sh,, x = 0.46, superlattice

G,rad. recom. B-rad. recom.

TX) Ey D (eV) niT) (em™>) 1tauger s F1F2 =0.22 rate (cm >s™") coeff. (cm®s™) 1,50 1/(BNy) (us)
77 0.2471 8.531 x 10 & 170.74 1.570 x 108 2.16 x 10710 9.27
100 0.2434 1.132 x 10! 132.51 1.674 x 10'? 1.31 x 1071° 15.31
125 0.2387 3.312 x 10'2 118.01 9.064 x 104 8.27 x 10711 24.20
150 0.2334 3.381 x 10'3 111.42 7.045 x 106 6.16 x 10711 32.46
175 0.2277 1.873 x 104 79.470 1.692 x 108 4.83 x 1071 33.17
200 0.2215 7.029 x 10 18.858 1.861 x 10*? 3.77 x 10711 17.80
225 0.2150 2.026 x 10'° 3.024 1.208 x 10%° 2.94 x 10711 8.32
250 0.2082 4.840 x 10'° 0.579 5.461 x 10%° 2.33 x 10711 4.43
275 0.2011 1.006 x 106 0.2011 1.867 x 10%! 1.85 x 107! 2.69
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Fig. 4. Minority carrier lifetime versus inverse temperature for a n-
type Il mid-wavelength InAs/InAsSb superlattice.

These integrals are related to Gamma functions
as shown:®

Iy =I(7/2) = 3.32335,
g = I'(5/2) = 1.32934,
I's = I'(3/2) = 0.88623.

Inserting the above numbers into Eq. 4 we obtain
I'(Ey/RT) = 0.88623 x { [E(T)/kT]’

(5)
+ 3[Eq(T)/kT) + 8.75},

Gy = 3.444 x 108 x A(T) x T*? x exp(—Eg/kT)
% { [Ee(T)]"+3[(RT)E(T)]
+8.75(kT)’} (em?s7Y).
(6)

Using the above expression for G, and the equa-
tion for ny(T) = 1.5366 x 10™* x T%* x exp[—E(T)/
kT], we obtain

B(T) = G,/n? = 2.8 x 10~ x A(T) x (300/T)3/?
X {[Eg(T)]2+3 [(RT)E(T)] + 3.75(kT)2}.
(7)

Hence, while the recombination rate G, and the
intrinsic carrier concentration has an exponential
dependence on the energy gap at a fixed tempera-
ture, the radiative recombination coefficient is a
polynomial of second degree. Hence, structures with
similar band gaps are expected to have basically the
same B value.
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Fig. 5. Auger minority carrier lifetime versus inverse temperature for

a mid-wavelength InAs/InAsSb superlattice: u = m./m, as a param-
eter.

’ghe radiative recombination for HgCdTe is given
by

B(T) =5.8 x 10713 x /ey, x [1/(me/mo + my/mg)]?/?
x [1+1/(me/mo) + 1/(my/mo))
x (300/7)*2 x { [E(T))*+8[(RT)Ey(T)]
+ 3.75(kT)2},

where m¢/mo =1/{-0.6 + 6.333 x [2/E4(T)

+1/(E(T) +1)]} '~ Ey(T)/13,
my/my=0.5, and & is the relative high
frequency dielectric constant [11].

An interesting observation in comparing the two
equations is that the term (300/7)%? x {[Eg(T)]2 +
3[(RTVET)] + 3.75(kT)?}, is common to the two
expressions.

The pre-factor A(T) in Eq. 7 is observed to be a
constant equal to 1.1 x 10* cm ™! eV~2 hence the
pre-factor of B(T) is 3.1 x 10 '°. The SLS structure
(43 A, 12 A) InAs/InAs;_,Sh,, x = 0.46, superlattice’
at 77 K has a band gap of 0.2471 eV, this corre-
sponds to x =0.3025 in the chemical formula
Hg, .Cd,Te. For this case,'® mJmo = 0.01794, m,/
mo=0.5, &,=11.64, and the pre-factor of
B(77 K) = 3.1 x 10 '°. Deviations are expected as
a function of temperature, since for HgCdTe,
x = 0.3025 the band gap energy E (T) = 0.2305 +
2.113 x 107* x T, increasing with temperature,
whereas for the SLS structure, Eq(T) = 0.2533 —
3.9384 x 107* x T%AT + 295.52 K) decreasing with
temperature.
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Fig. 6. MWIR InAs/InAsSb modeled current density versus inverse

temperature, Vjias = —250 mV.

From the above considerations and results, it is
concluded that in the case the fundamental limiting
recombination mechanism is radiative both mate-
rial systems are expected to have the same dark
current density; taking into considerations that
E T) for MWIR HgCdTe increases with tempera-
ture, whereas it decreases for the type II SLS IT1I-V
materials.

MEASURED AND MODELED
RECOMBINATION LIFETIME

In Fig. 4 the measured and modeled hole minority
carrier lifetime is plotted as a function of inverse
temperature. In the extrinsic region (n,9=Ng >
n; > pno), the lifetime is dominated by the SRH hole
lifetime 1,0 determined by setting at 77 K Tpeas. =
Trad. X Tpo/(Traa. + Tpo). Taking the measured lifetime
to be 4.5 us and the radiative lifetime of 9.3 us the
calculated 7, lifetime is 8.7 us. In this simulation
the position of the flaw energy in the forbidden gap
is Eqaw = Ex;, where Ey; is the intrinsic Fermi level.
In this simulation only the SRH lifetime was used
as a fitting parameter. The SRH lifetime in' was
estimated to be 10 us. For the condition that
Tno = Tpo the temperature dependence of 7, the
SRH lifetime for n-type materials is given by the
expression 7o = Tpoll + 2ni/(nno + Pno)l*. As shown in
the figure the behavior is a constant in the extrinsic
region and increases to a value of 21,0 in the
intrinsic region, 7' > 200 K. In the intrinsic region
the dominant recombination mechanism is
Auger(e—e). However, in the extrinsic region the
dominant recombination mechanisms are radiative
and SRH, assuming the SRH lifetime does not
depend on carrier concentration, for higher doping
condition the radlatlve processes are expected to
become dominant.?

Noteworthy is the behavior of the Auger(e—e) in
the extrinsic region of the semiconductor. This
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Fig. 7. Measured and modeled minority carrier lifetime as a function
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behavior is attributed to the observation that the
Auger lifetime  7tpuger = Const. x T3 x exp{l/
(1 + WIELO0)ET}, where u = m/m, < 1.4

In Fig. 5 the dependence of the Auger lifetime in
the extrinsic region as a function of the inverse
temperature is shown for various values of u for the
mid-wavelength n type II (43 A, 12 A) InAs/
InAs;_,Sb,, x = 0.46, superlattice. As expected,
from the expression for the Auger lifetime the
dependence is sensitive to the exponent {[w/
(1 + w]EL0)/ET}. For mid- Waveleng“th Hg,_,Cd,Te,
x = 0.3025, 1 =359 x 1072 and E,(0) = 0.2305 eV.
Hence, we expect a decrease of the Auger lifetime in
the extrinsic region.

The solid black dots label total fundamental
include in the calculation the radiative and Auger
recombination lifetimes. The diamond (black) sym-
bol label total include the three recombination
processes. Radiative, Auger, and SRH. The SRH
model assumes that the energy of the flaw Eg,,, is
equal to the intrinsic Fermi energy level Eg;. The
electron and hole effective masses are not expected
to be strong functions of temperature and taken to
be a constant.

MODELED MWIR INAS/INASSB DARK
CURRENT DENSITY

The measured bulk minority hole recombination
lifetime can be used to determine the bulk
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recombination components, radiative, Auger, and
SRH and provide the needed information to predict
the dark current density as a function of the inverse
temperature. The result of the calculation, assum-
ing that the hole diffusion length L, is larger than
W, the width of the n-neutral region, is illustrated
in Fig. 6. What is evident is that the dominant
performance limiting dark current density for the
MWIR SLS material is associated with carrier
recombination in the depletion region of the n-type
material. To be limited by diffusion currents,
heterostructure design architectures will be needed
in these SLS devices to suppress the generation—
recombination (G—R) currents in the n side deple-
tion layer.

The analytical equations used in the calculations
of the reverse bias dark current density shown in
Fig. 6 are given by

dediffusionfsatfnfside = qn12Wn [B(T) + NdC(T)
+ 1/(tsrH-nNVa)],
(10)
Jar-sru = —qni(T) Waepletion (0)
X {—Va +(2/pp) % 111[1/%1/2 +Tl/2]}
/[Toovbi(]- - Va/Vbi)l/Z}»
(11)

where 7., = 0 + Tno = Tpo(1 + 7).
For the condition, y = 1, Eq. 11 becomes

De Wames

Jar-srH = —qni(T) X Wyepletion (0){—Va +(2/f1)In(2)}
/ [2Tp0Vbi(1 - Va/Vbi)1/2] ~
(12)

Equation (12) for reverse bias voltages greater
than V; becomes

Jor-sri = —qni(T)Waepletion(Va)/ (2700),  (13)

T = 150 K, parameters: E, = 0.2334 eV, n; = 3.38 x
1013 Cm73a Wy=d, - Wdepletion—n—side(Va) =42 pm,
Va.=-025V, d, = thickness of the n-side absorber
region = 5 yum, W, is the thickness of the n-side
neutral region, Ng = 10® em 3, B = 6.16 x 0! cm?
s, FiFy=0.12, C=1.062 x 107% cm%s, tggen =
TpO(l + 2ni/Nd)a Tpo = 8.7 us, y = TnO/TpO =1, Wdepletion—
nside(0) = 0.51 yum, V3,;=0.1476 V, fr=q/kT =
77.363 V1.

The solid line labeled diffusion-n-side w/o SRH is
a calculation of the diffusion dark current that
includes both the radiative and Auger recombina-
tion processes. The dashed black line labeled total
with SRH includes all three recombination pro-
cesses. The dashed line with dots labeled diffusion-
n-side with SRH is a calculation of the diffusion
current that includes the SRH recombination pro-
cesses generated in the neutral region.

MWIR HGCDTE MEASURED AND MODELED
DARK CURRENT DENSITY

In Fig. 7 we shown the measured and modeled
hole minority carrier lifetime as a function of donor
concentration Ny (cm™2).”

What is most important about this data and the
determination of the dominant recombination mech-
anisms is the observation that for N4 values in the
range of 10'® cm? the dominant process is radiative
and that the Auger overlap parameter FiF5 is 0.09
for MWIR material and not 0.2 as commonly
assumed. In Fig. 8, measured and modeled dark
current density as a function of inverse temperature
for mid-wave Hg;_,Cd,Te, x = 0.3, is shown. In
contrast to the SLS mid-wavelength the dark cur-
rent density is diffusion limited to tempera-
tures ~ 80 K. This behavior is due to the very long
SRH lifetimes observed in mid-wave HgCdTe.!*

SUMMARY AND RESEARCH NEEDS

During the past few years, significant invest-
ments were made to explore the potential of III-V
type II SLS based on the premise that these
materials systems could displace HgCdTe for mis-
sions requiring imaging in the long wavelength
infrared (LWIR) and very LWIR (VLWIR) spectral
region. Similar to HgCdTe type II SLS devices offer
energy gap tunability from the MWIR to the
VLWIR.
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Auger recombination is the limiting fundamental
recombination mechanism in HgCdTe materials
with band gap energy in the LWIR and VLWIR
and from theoretical considerations type II SLS
could be designed to significantly suppress this
intrinsic recombination process. Other considera-
tions dealt with the electron effective mass of both
material systems; the effective mass significantly
impacts tunneling currents and the larger effective
mass for the SLS was expected to reduce signifi-
cantly tunneling currents. Other anticipated SLS
benefits, include expectations of superior overall
manufacturability and cost reductions.

However, real SLS-p-type II binary InAs/GaSb
superlattices, are limited by SRH centers with
electron minority carrier lifetime in the 35-80 ns.
For the binary case the band gap state associated
with these relatively low SRH lifetime is suspected
to be a native Ga defect and hence likely to be
difficult to remove. A breakthrough occurred with
the observation that the Ga-free ternary alloy type
IT SLS-n type InAs/InAs;_,)Sh, exhibited relatively
longer lifetimes compared to the binary compounds.
In particular, for mid-wave materials the observed
limiting lifetime was radiative with SRH life-
time ~ 10 us;"? simplicity in the growth of Ga free
SLS alloys was an added important benefit.

While the dominant interest and technology chal-
lenge is in the development of LWIR and VLWIR
materials, and in particular the potential use of the
type II InAs/InAsSb alloy, in this paper we compare
some of the material properties of mid-wave SLSs
with HgCdTe. A notable observation is that both
material systems in the extrinsic region of operation
Nno = Ng > n; > pno are intrinsically limited by
radiative recombination and SRH recombination.
The method of analysis of the measured hole
minority carrier lifetime for this work involved a
calculation of G, (cm~2 s71), the radiative recombi-
nation rate per unit volume, made possible by the
recent measurements and availability of the optical
absorption coefficients data.® Using this method-
ology we fitted the recombination lifetime data with
only the SRH lifetime as a fitting parameter. We
found that both material systems are expected to
have similar dark currents when limited by radia-
tive recombination processes. However, the dark
current limiting the mid-wave SLS is predicted to
originate in the n-side depletion layer for tempera-
tures <150 K, while for HgCdTe the observed onset
of depletion limiting currents is <80 K. For the SLS
structure to suppress the depletion dark current for
temperatures <150 K, it will be necessary to posi-
tion the n-side absorber depletion layer region in the
larger gap cap layer material in a p'n shallow
heterostructure detector or barrier layer as com-
monlg practiced in the nBn heterostructure detec-
tors'® and XBn barrier detectors.'?

MWIR SLS devices designed to suppress the G-R
currents are expected to require the application of
reverse bias to collect the diffusion photocurrent

generated in the absorber and of course along with
the diffusion dark current generated in the absor-
ber; Fig. 6 dashed line with dots labeled diffusion-n-
side with SRH.

Sensitivity parameters that influence the bias volt-
age required to collect the photocurrent generated in
the absorber are band gap energy profiles, energy band
offsets, composition profiles, carrier type, levels, and
profiles in the vicinity of the metallurgical interface
and interface states.*'® Minority carrier hole lifetime
and mobility is expected to be position dependent in the
vicinity of the hetero-metallurgical interface.

While the MWIR heterostructure detector concept
has been demonstrated,'® data are still needed on
the demonstration of process control over large
areas, particularly the capability to produce high
quality-large format small pitch focal plane arrays
with adequate yield and affordable costs.

To continue to improve LWIR and MWIR SLS
device performance, more materials information on
the properties of SLS type II alloys is needed,
including measurements of the transport proper-
ties, mobilities and mechanisms, and diffusion
lengths. These material properties for HgCdTe are
already known and do not appear to limit the dark
current or the quantum efficiency.

Of concern for the LWIR Ga free n-type materials
is the observation of relatively low quantum effi-
ciency possibly caused by relatively low optical
absorption coefficient, hole mobility, and hence dif-
fusion length.!” Timely information is now needed on
the material/optical, and electronic properties of type
IT SLS with emphasis on assessing their fundamen-
tal and technology material limitations.
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