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1) INTRODUCTION

The possibility of conducting diagnostic studies of semiconducting devices
by analysis of the radiation emitted under operating conditions is extremely enticing.
The radiative output can be interpreted not only in terms of dissipative effects
within the bulk of the device but also in terms of properties related to the charge
carriers and to the electronic structure of the semiconductor. Thus, it is immediately
evident that any diagnostic technique developed for this purpose must be based on a
reliable theoretical model of the mechani.sm generating the radiation,

Two main classes of effects are expected to contribute to this radiative
emission. The first category covers thermal emission. This component of the radia-
tion is indicative for dissipative effects in the device and the profile of the emission
is the result of local heat deposition and of thermal diffusion in the slab. The
second mechanism is attributable to carrier recombination effects in the solid and
hence this component is of non-thermal origin.

The central problem in this investigation concerns the differentiation between
these two contributions and the evaluation of the radiative emission expected from
a generalized slab of semiconducting material.

The thermal emission is easily described in terms of black body theory and of
thermal heat flow in the medium. However, the treatment of radiation due to

recombination effects is more complicated. The theory of the rudiative recombination
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in semiconductors was developed by van Roosbroeck and Shock Leya ) ¢ and many
useful guidelines can be applied to this problem.

The two main contributing processes are direct recombination of electrons

from the conduction band and holes from the valence band and the recombination

through local centers (traps). Direct or interband recombination in pure semi-

conductors is a relatively small contribution. For the usual values of the forbidden
bandwidth, AE ~ 1 = 2 ev, the intensity of the radiative recombination (RR) is
negligible. In effect, in germanium at room temperature (300°K ) with AE = 0.7 ev
the RR lifetime is 0.75 sec, and for substances with a wider forbidden band this
lifetime is even longer. On the other hand, in semiconductors with a narrow for-
bidden band the RR rate is high and the radiative mechanism may be the dominant
source of energy dissipation. For example, in InSb at 300°K, AE = 0.18 ev

and the RR lifetime is only about 107 sec. The usual measured lifetime of the
nonequilibrium carriers in germanium amounts to 1072 to 10™ sec. Thus, RR is
not the main mechanism in germanium, but recombination through traps (TR) is

the main factor.  Only in heavily doped samples (n_ = 10% cm™2 ), we find
that RR competes with TR if the trap (local centers) concentration does not increase
with the degree of doping. In silicon the situation is even more pronounced since
AE=T.Tev, n =1.4" 10*°/em® and 7, = 3.5 sec. The maximum value

of the observed lifetime for silicon is 1072 sec, and hence TR is still the main

coniributing factor.
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The RR spectrum to be expected, for instance for germanium, is simply com~
puted from the value of hv/kT = 27.5 (at room temperature ), thus corresponding
to a peak at X = 1.76 um. In practice, a second peak is found at 1.52 pm, in
a region where the absorption in germanium rises steeply due to direct phototran=-
sitions. The radiation maximum lies close to the fundamental absorption edge at
A = 2.05 pm.

If the energy released upon recombination is not available directly in form
of radiation, it will usually reappear in form of phonons (lattice vibrations).

The recombination energy may be iransferred first to a free carrier which then
gradually transmits the same to the lattice by means of collisions. This process
is know as impact recombination. Other processes involve transfer to plasmons
(collective motion of free carriers) or to excitons. For the case of TR, an
electron is first captured by a level of the local impurity center and then the
same level captures also a hole.

If the carrier energy is degraded by these mechanisms into thermal energy,
then the spectrum distribution will be described by equipartition theory and the
radiant distribution will abprocch that of a black body.

The objectives of this program are to evaluate first the mechanism in terms
of the most suitable descriptive model and subsequently, to study the radiation
output from selected semiconductor geometries. Finally, the properties of the

emitted radiation will be compared with those provided by the theoretical forecast
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and guidelines will be offered for using this method as a practical diagnostic tool

in solid state electronics.
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RADIATIVE EMISSION FROM SEMICONDUCTORS

A) GENERAL DISCUSSION OF THE PROBLEM

The central problem of this research and development program is
to identify and to forecast the radiation emitted by semiconductors under
current passage. Of particular importance is the knowledge of the radia-
tive contribution from the various generating mechanisms, the relative
intensities, the spectral distributions and the dependence on current excita-
fion.

We shall consider here three basic mechanisms for generation of
radiation and we shall evaluate the relative contributions. These radiative
modes include direct recombination of electrons from the conduction band
and holes from the valence band ( labelled here DR and RR for direct or
radiative recombination ), the recombination through local centers or traps
(labelled here TR or trap radiation ) and, finally, thermal radiation (ThR)
which is due to the energy degradation of free carriers info phonon vibra-
tions. The process of impact recombination is also discussed, since it feads
to lattice excitation which should be detectable in the infrared.

Direct or interband recombination in pure semiconductors is
generally a relatively small contribution. This statement needs, however,

some qualifications. First of all, we should examine the value of the
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forbidden bandwidth of the particular semiconductor. If the figure is on
the order of 1 = 2 ev, then the intensity of the radiative recombination
should be relatively negligible. On the other hand, if the figure is
much smaller than 1 ev, the opposite holds and DR becomes a mechanism
for substantial energy dissipation. From this viewpoint, the generation
of recombination radiation in germanium and silicon is expected to be an
insignificant contribution in pure materials.

The second qualification which must be applied concerns the degree
of dopant concentration in the pure sample. This parameter yields an
indication of the relative contribution of DR versus TR.  In germanium,
for instance, only in heavily doped samples with a concentration n ay 10% cm™®
do we expect the DR lifetimes to become on the order of the TR lifetimes.

The third mode of energy dissipation entails a number of complex
steps. In general, if DR or TR are not generated directly upon recombina-
tion, the energy will eventually reappear in form of phonons. One of
the possible processes includes impact recombination in which the recombina~
tion energy is transferred in a first step to a free carrier which gradually
interacts with the lattice and looses energy. More complex degradation
involves collective motion of free carriers and the generation of excitons.
The analytical evaluation of this case is reasonably complicated and only

approximate estimctes can be given for the expecied contribution.
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B) RADIATION FROM DIRECT INTERBAND RECOMBINATION

In the following, we shall present the pertinent features of direct
interband recombination radiation. The descriptive theory has been given

)

by van Roosbroeck and Shockley" * and it can be used appropriately for
the definition of this problem.

First of all, we expect direct interband recombination radiation
to be identical in different samples of the same material. This entails
that for the same electron and hole densities in the bands and for the same
operating temperature, the emitted output should remain essentially constant.
This is in contrast with trap radiation which could conceivably vary by
appreciable amounts for different samples of the same material. Thus, .
from the viewpoint of diagnostic applicability in this program, it would be
preferable to deal with DR rather than with TR in terms of the reliability
of the forecast.

A second point to be stressed is the relative simplicity of the theoret-
ical model for DR as opposed to the TR case. Direct radiative recombina-
tion, as shown by van Roosbroeck and Shockley, can be calculated simply
from general thermodynamic considerations using experimenial absorption
data. However, for recombination through traps the theoretical calcu~

lations require a detailed knowledge of ths microscopic mechanism and the

descriptive parameters of electron or hole capture.
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We should first examine the equilibrium situation. For this case,
the rate of radiative recombination Rc is simply proportional to the
densities of electrons and holes and the proportionality constant is the

radiative recombination coefficient
- — 2
Ry = YNgPy = yn; (1)

Here n_and p_ are the equilibrium concentrations of electrons and holes,
respectively, and n. is the concentration of carriers in an intrinsic semi-

conductor. Therefore vy is simply
- 2
Yy = Ro/ ns (2)

The nonequilibrium case is of more basic interest here. If the energy
distribution in the bands of the nonequilibrium populations is identical to
that of the equilibrium populations, then the two cannot be distinguished
and we can write the corresponding expressions for the rate of radiative

recombination under nonequilibrium conditions

- - 2
R = ynp = npR_/n: (3)
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The non-equilibrium concentrations are related by

= +

n n, An

P =P, *ApP (4)
2 =

i oPo

We can now define the lifetimes of the radiating nonequilibrium populations

of electrons and holes

T, = an/ R =R = an/AR (5)
T = ap/ (R - RQ) = ap/AR (6)
and
np - n2i
AR:R-RO-;ROT (7)

We shall now focus on several cases of interest:

1) Semiconductor with Low Impurity Concentration

The simplest case entails a semiconductor of fow impurity concen=

tration for which the neutrality condition is expressed as A n = Ap.
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We obtain for AR and for the lifetime 7 the following expressions,

(n_+p )an+ (an)?
AR=AR° ° °2

(8)

n2

_ 1 i
n ~ Tp R, (n,+p ) +an (9)

2) Semiconductor with Low Excitation Level

For a low excitation level, (no + po) >> An, thus we can simplify

the above expressions to

(n  +p_)An
AR = Ro
2 (10)

1 i ,
T ST TR n . (11)

In this regime, we have linear recombination since AR & An.

3)  Heavily Doped Semiconductor

For a heavily doped semiconductor, we have either n, > P or

P, >> Ny and the radiative lifetimes are for N-type material:

P n, P 1
. o B i _ o _
T = 2-—-—7'. = 2 ——, = - (12)
n ni i n, i Ro yhg

-10 -
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for P-type material:

r'=2 -2 =2 g =2 = (13)
YP
with the effective lifetime in inirinsic semiconductors given by

T, = ";/ZRO (14)

the values of lifetime for the intrinsic material are clearly higher than

those in extrinsic samples.

4)  Semiconduciors with High Excitation Level

For a high excitation level, An >> (no + po), and we obtain the

following relationships

AR = Ro (An)z/ni2 (15)
ni2 1
Th = 7'p - Ro An (16)

In this regime, we have quadratic recombination since AR depends on the

square of the non-equilibrium density.

-11 -
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C) EVALUATION OF RECOMBINATION RATE

This framework of formulae offers useful guidance for the computation
of recombination rates in a number of cases of interest. We shall now
introduce the explicit expression for Ro' as suggested originally by van

Roosbroeck and Shockley:

=
]

2 . 0 n3Kuddu
327°c (kT/ch) J; o () =1

(17)

[=-]

22 nsycu‘?'du ~a -1
1.785 x 10 (T/300)4dl’°——-———-———exp(u)_] cm™3 sec™t |

1

ot

Here u = hy/kT is the infegration variable, n is the refractive index
and nK is the extinction coefficient.

Van Roosbroeck and Shockley integrated this expression by using
experimental data on the optical parameters of Si and Ge obtained by
H. B. Briggs(z). The final relationship for the recombination rate at

room temperature in high purity germanium is given as follows
Ro = 1,57 x 10*® ecm™ sec™? (18)

Since the index of refraction and the extinction coefficient are

- 12 -



ADVANCED KINETICS, INC,

important parameters in these considerations, we have assembled these data
from the published literature. In Figure 1, the refractive indices are
given for germanium and silicon for the region between 1.0 and 3.0 pm.
These results are derived mainly from the work by Briggs with additional
points at the longer wavelengths abstracted from the studies of C. D. Salz~

berg and J. J. Villa(3)

“)

Cronemeyer .

and of D. H. Rank, H. E. Bennett and D. C.

In Figure 2 the absorption coefficients of S and Ge are given as a
function of wavelength in the interval between 1.0 and 2.0 pm. These
data are abstracted from the results by W. C. Dash and R. Newman(s).
For the sake of clear distinction, we should give the relationship between
the absorption coefficient K plotted here and the extinction coefficient

K used in the formula by van Roosbroeck and Shockley

Ky,

4o (19)

so that ¢ is dimensionless, as required.

The purpose of this evaluation is to obtain the integral and differen-
tial parameters for radiative recombination in the two materials of immediate
interest to this program, namely germanium and silicon. Values for InSb

will be reviewed also, since this material represents a rather opposite case

-13 -
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to that of Ge or Si because of its narrow forbidden band.

The integral values for Ro can be computed from the knowledge of
the dispersion of the refractive index (Figure 1) and from the absorption
coefficient (Figure 2), in addition to the evaluation of the universal
function u®/exp (u) = 1, where u = hy/kT. The data by van
Roosbroeck and Shockley and also those by E. Burstein and P. H. Egli(é)

seem to point to the values listed below:

Material AE (ev) n, (em™) Ro (cm=®sec~1) T, (sec)
Ce 0.7 ev 2.4 108 2-10123 0.3

Si 1.1ev 1.4 * 1010 2. 10° 3.5

InSb 0.18ev 2.2°+10® 2-10%2 0.4 .107®

For order of magnitude calculations of the radiation generated, we
could use the above values for Ro. However, it is more illuminating to
consider the differential rates per unit frequency or waveband interval.
To secure this information we approach the problem in two ways. First,
we obtain the differential spectrum just by folding the universal function
into the dispersion and extinction for Ge. This relationship is given in

Figure 3 over the wavelength range of inferest.

-14 -
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The second method represents a useful approximation. We
notice from Fig. 3 that the main contribution to the integral is
due to the interval around the absorption edge where the absorp~
tion index is fairly low and the dispersion relatively small. We
can therefore neglect the dispersion and adopt a constant refrac=
tive index. We then obtain a simpler expression for the recombina-

tion rate R
o

R, =4n? j; KQ (1) dA (20)

where K is the absorption coefficient and Q (1) is the Planck

function for surface emission

Q(k)=21rch"4/[exp(hv/kT)-l} (21)

The equilibrium rate of photon generation per unit waveband and

per unit volume is then simply
o™ 4n%KQ (22)

where the relationship between r, and Ro is clearly

[~}

R =£ by dA (23)

[
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These formulae are of practical importance in the evaluation of the
radiative output from selected semiconductor samples. At this point we
can already forecast that the DR emitted from silicon devices will be sig~
nificantly smaller than from germanium devices because of the appreciable
differences in the forbidden gap and in R .

A further point to note concerns the temperature dependence of the
emission. The temperature term appears both in front of the integral and
in the exponential term of equation (17). The net effect is fhaf Ro depends
strongly on T. For o temperature increase from 300°K to 350°K, R,
increases from approximately 1022 to 10%® cm™ sec~*. Thus, a higher
output yield could be expected at higher temperatures. However, we
should examine also the competing thermal emission to decide if such mode
of operation would be favorable for detection at a higher signal-fo-noise

level.

D) RADIATION FROM INDIRECT TRANSITIONS (TRAPPING CENTERS)

The radiation emitted from germanium and silicon samples has been

investigated experimentally in the early fifties. Results on radiation from

7
germanium are given briefly by J. R. Haynes and H. B. Briggs( ) and

(8) (9).

Data on radiation

(10,

by Newman' "’ and, later en, again by J. R. Haynas

from silicon is reported by J. R, Haynes and W. C. Westpha

-16 ~
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The spectrum of the radiation emitted from germanium points to the
existence of at least two distinct peaks, one occuring at 1.52 ym Ny
(0.81 ev) and the second at 1.75 pm (0.70 ev). The radiation appear=-
ing in the 1,52 um region has been tentatively ascribed to direct transi=
tions, whereas the second is attributed to indirect transitions involving
phonon cooperation.

For silicon there are at least three maxima in the spectra. The
peak at 1.13 um (1.10 ev) has been related at least in parts to indirect
infrinsic radiation. The other two pedks at 1.16 ym (1.072 ev ) and at
1.195 um (1.038 ev) are attributable to extrinsic radiation. The first
transition appears to involve unionized boron atoms and the second arsenic
atoms. No radiation due to direct infrinsic transitions was found in the
specirum.

The analytical description for this situation is rather difficult and
requires the knowledge of a number of microscopic parameters. We can
first assume that trapping centers act both on electrons from the conduction

band and on holes from the valence band.  The basic processes involved
A .

3

in. recombination by trapping are therefore electron capture, electron
emission, hole capture and hole emission.
The statistics of the recombination of holes and electrons has been

treated by W. Shockley and W. T. Read(” ) . The mathematical

-17 ~
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formalism can be applied in the context of this problem. However, it is
then difficult to exiract precise numerical guidance because a number of
microscopic parameters are not known even at this date.

We shall examine here only the case for nonequilibrium conditions
in which electron and hole pairs are generated at some constant rate by
carrier injection during operation of the device. Under steady~-state
conditions, the net rate of eleciron capture must be equal to that of the

holes. The net recombination rate is then obtained in the following form
R=C C (pn- plnl)/[Cn(n+n1)+CP(P+|°1 )] (24)

where the product p, n, s independent of the trap level E ; and is equal

to

= = - = n?
P, N, Nc Nv‘exp(Ev - Ec)/kT Nch exp ( Eg/kT) ne
(25)

The following symbols apply

C, = prcbability per unit time that conduction band electron will be

captured by empty traps

-18 -
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C = probability per unit time that valence band hole will be captured
by traps filled with electrons

n,p = density of electrons and holes in conduction and valence
band, respectively

N ,N = effective density of levels for conduction and valence band,

respectively

Ec = energy of lowest conduction band level
EV = energy of highest valence band level
Eg = energy gap = Ec - Ev

We should now examine also the problem of lifetime since we appre-
ciate the importance of this parameter as an indication of the recombination
rates. We shall distinguish here two basic situations. First, we shall
express the case for a low disturbance in carrier density and then we shall

treat the other extreme of a large disturbance.

1)  Case of Low Carrier Density Injection

For the first case, adopting the terminology used in the previous

chapter, we obtain the following expression for the lifetime

=4 °(n + + +7°%(@ +p +
T, (r_+n +an)/ +p +an)+7° ( +p +an)/

(n0 P, +An) (26)

-19 -
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Here ny and P are the usual thermal equilibrium values of electron and hole

densities. Furthermore, we define

°o - 1 ° -
A I/Cp T T/Cn (27)

as the lifetime for holes in highly n-type material and the lifetime of
electrons in highly p~type material.

For small values of An, the lifetime reduces to
r=1; b )/ g te) Ty b, TRy )/ (g ) (28)

2)  Case of Large Carrier Density Injection

For the case of large injected carrier densities the expression for
the lifetime is modified to

(29)
T=T, {] +An(TP° +Tn¢)/[ .TPO (no +n,) +Tn° (po ML )]}

® {1 /0 + Po)}

Here T, is the lifetime for small An, as given by equation (28). The

limiting value of 7 as An -« is then simply

- 20 -
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Tco - Tpo + ‘Tn°

(30)

These formulae offer some guidance for the evaluation of the radiative
contribution via the carrier trapping mechanism. The outcome of this

interaction can be either radiative output or phonon excitation,

E)  IMPACT RECOMBINATION MECHANISM

During radiative recombination the laws of energy and momentum
conservation are satisfied simultaneously in one of two ways. In the first
case, the electron and hole have equal and opposite momenta and the
emitted quantum has practically zero momentum but carries all the energy
generated during recombination. In the second case, a third body is
involved which can gain or lose momentum and thus enables electrons and
holes of different momenta to recombine. A phonon could be assumed to
play the role of the third body. In this case, any energy excess acquired
(or lost) would then be equilibrated by collisions with the lattice. How~
ever, the energy evolved during recombination is on the order of the
forbidden bandwidth of the semiconductor, that is 1 - 2 ev. This amount
of energy is too large to be absorbed by a single phonon and a process in-
volving the simultaneous participation of a number of phonons is not very

probable. This difficulty is presently avoided by allowing the interaction

-1 -
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between carriers. In this case, the energy generated is transferred to a
free carrier which gradually interacts with the lattice by collisions. This
case, known as impact recombination or IR, applies both to DR and to TR
and it involves three particles (two electrons and one hole or two holes
and one electron).

The probubility of triple collision of two electrons and a hole is pro-
portional o n?p and for fwo holes and an electron it is proportional to
np?. We can express therefore, the rate of change of electron and hole

concentrations due to IR

dn - dp
di dt

= emn2m - 2
= PP - ,Pon (31)

where T and 'qp are the impact recombination coefficients for energy

transfer to an electron and to a hole, respectively.

1)  High Excitation Level

For the case of high excitation level, defined by

An(Ap)>>n°+p° (32)

-22 -
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we obtain for the rate of change
‘LAH =““"'£{""' AP =T '(Aﬂ)'zAP""'ﬂ (l\P)2 AN
dt dt n p

and for the lifetime

. = AN _ 1
- b3
Sran (1, +7,) an)

which indicates a strong quadratic dependence on carrier density.

2) Low Excitation Level

For a low excitation level, defined by

+
an (ap)<<n_*p_

we find for the electron lifetime

= e d = 2 4
T An  dt An nppo 2'ﬂnnopo

2

Ap.
+ o (nnno + 2npn°po)

-23 -

(33)

(34)

{35)

(36)
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and the hole lifetime is expressed by

A
T ="L"T

p AN n - (37)

If An = pp, then U Tp. For the case of strongly n-type material

(n, =>p)
T ST, = """]-2‘ (38)
noP TR

(39)

The recombination in this case depends strongly on the density of the
majority carriers and collisions increase the rate of this event.

N. Sclar and E. Bursfein(lz) have attempted to derive an impact
recombination coefficient based on the model of hydrogen~like impurity
centers. The IR coefficients tabulated by these authors for Ge and Si

are given as follows

-2 -
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Ge Si
n-type p-type n-type '  p-type

m?

:ec Yat 4,2°K 3.5-10%%n 3.5-10%%h  2.9-10"°n 1.2-10%n

B°n(

B'n(-;&-:f—-*)ot300°l< 0.6+10"%n 0.6+ 1072n 0.5-10722n 0.2- 10722n

It should be noticed that the dimensions of the coefficients T given before
are dimensionally equivalent to B. The evaluation of B ¢ n for the 300°K

point is extrapolated from the 1/T? dependence given by Sclar and Burstein.

F)  THERMAL RADIATION FROM SEMICONDUCTORS

We are interested here in computing the thermal emission to be expecfeﬂ
from a semiconductor slab of refractive index n and of absorption constant
K.

The volume rate of photon generation for unit waveband and in a

small solid angle dw is given straightforwardly from black body theory
rdy = n?KQdu/= (40)
where Q is the Planck function given by

Q = 21rcx"‘"/[e_xp(.hu/k T)=-1 ] (photons/cm?® - sec)
(41)
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The total radiation reaching the upper surface of the slab may be

found by integration over its thickness x

x
Jl rexp (-Kx) dx dw=r [I - exp (-Kx)] dw/K
o (42)

=n2Q[ 1 - exp (Kx) |du/x
We shall now use t = exp (-Kx) for the sample transmissivity and
R for its reflectivity. Taking into account multiple internal reflec-
tions, we obtain then for the radiation emitted from the upper sur~

face

(1-)1-R)dw _ Q (1 =-R}1-1)
- K(I-Rf)w‘ T (T-Rt) 2 (43)

here d0=n2dw is the solid angle into which the radiation is re-
fracted. Since the nomal blackbody photon emission is simply

(Q/n)dG, we can express the material emissivity in terms of R and
i
¢ = (1=-R)(1~-1)/(1=Re) (44)

For a highly absorbing slab, we obtain

tx0; exl1-=R (45)
For a highly transparent slab, on the other hand

t-1; e-0 (46)

The emissivity of a semiconductor is therefore expected to
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be fairly high at the short wavelengths and it should decrease sharply in
the vicinity of the absorption edge. This effect has been indeed detected
by Moss and Hawk ins(] 3) for Ge and InSb.

There are a number of different processes which could lead to
thermal emission from a semiconductor sample which is of interest here.
The simplest mechanism is that due to periodic (we assume here that the
excitation current through the sample will be pulsed and not DC) heating
of the lattice by the transiently injected current carriers. This contribu-
tion may be evaluated by means of the preceding formulae by assuming
the appropriate value of the temperature fluctuation.

A second effect is due to the change of the absorption coefficient
upon carrier injection. Since this mechanism alters the transmitted and
emitted radiation, the resultant effect is equivalent to a modulation of the
previously defined emissivity e. If we label the transmissivity in the
presence of excess carriers fc = exp (—ch), and neglecting changes in
the reflectivity (changes of only a fraction of a percent have been reported

by I. Filinski(M)), we obtain the following modulation function:

t
W = | —— -t - R2 +
ardu = 5 R T-Rr ] (1 -R*) v

]-fc T-1
r—xr ) (1 - R)rdo (47)

J T =Rt
C
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where rcdw is the usual volume generation rate of photons at the higher
temperature equivalent to carrier injection and rdw is the volume genera-~
tion rate of the quiescent background.

In the regime where the reflectivity is small and t > 1 (not too
thin samples ) so that we may neglect both quadratic and linear terms, we

may use in first approximation simply
Ardy ~ (tc-t)rdw + (f—tc)rcdw (48)

The value of the transmissivity can be obtained from the knowledge of
the absorption cross=section o and of the carrier density n or p.
For germanium, these data can be extracted from the work by Fan, Spitzer

(15) (16)

and Collins for free carrier absorption and by Briggs and Fletcher
for hole absorption. The cross-section is a function of wavelength and
sample temperature. For the region of initial interest in these studies
(1 = 2 pm ) the absorption coefficient for germanium may be approximated
by

KGe ~ (1007 n + 107¥p) cm™ (49)

Thus, t and t, can be computed for each specific case and the modulation

function can be evaluated. For the case of silicon, the experimental data

- 28 -
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are abstracted from Spitzer and Fan(] 7) and for the sume wavelength interval

we obtain an absorption coefficient

KSi ~ (10n + 10%7p) cm™ (50)
which allows to compute the modulation expected in this material.
A final note of interest should be inserted here concerning the
similarity between the speciral dependence of thermal radiation and
recombination radiation. In effect, if we compare the thermal radiation

reaching the upper surface of a slab of thickness x

JX rexp (- Kx)dxdy = an[l - exp (- Kx)]dw/n (51)
o
with the excess radiation rate Ar generated by injected carriers An

and arriving under the same geometrical conditions

X
j arexp (- Kx)dx = 8n*Q ‘— T -exp(- Kx)]An/ni

o

(52)
we notice that the spectral functions will be the same for equal tempera-

tures. The only difference to be expected is in the lifetime of the decay
for thermal relaxation of the lattice as compared with the recombination

lifetime of free carriers.

- 29 -
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{11) RADIATIVE LOSSES DURING EMISSION

A) REFRACTIVE LOSSES

We are interested now in determining in some detail refrac-
tive and dispersive effects which the radiation emitted from the
bulk of the semiconductor will suffer before leaving the sample.

First of all, we realize that the semiconductor materials of
interest, mainly Ge and Si, possess a high index of refraction (see
Fig. 1). In the wavelength region considered here, NGe ~4.1
and ng, = 3.5. This implies that all the radiation observed exter-

nally with respect to the sample will have originated within a cone

_c_nﬂg_l_e_ of 14°10* for Ge and 16°40* for Si; the axis of this cone is
clearly the surface normal. Radiation impinging at larger angles
against the internal sample surface will be totally reflected.

The internal reflection for normal incidence can be evalu-

ated by the Fresnel formula

_ h=-1)2+K?

A X LY (1

Thus RGe ~ 0.37 and RS? ~ 0.31 , since for both materials
K2 <1 for A > 1 ym. These values are in complete agreement

with the reflectivity measurements by W. G. Spitzer and H. Y.
Fan (18)
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For other angles, the transmitted and reflected amplitudes
are first evaluated by means of the Fresnel equations. The inten-
sities are then obtained by squaring the amplitudes. We are inter-

ested particularly in the refracted amplitudes given by

|
5_= 2 sin @ cos @' (2)
E sin (p+o')
E ! . ;
P _ 2 sin ¢ cos @ (3)
Ep sin (@ + ¢") cos (o' = o)

Here E and E' are the amplitudes of the electric field vector

for the wave incident and refracted of vibration perpendicular
("s") and parallel ("p") to the plane of incidence. The angles

@ and @' are the corresponding angles of incidence and refraction
from the dense medium (semiconductor sample) into the air. The
internally reflected (R) and the refracted (R') percentage of the

incident intensity are calculated here for a few angles of incidence

Ge Si
R R R RT
@ = Q° 37% 63% 31% 69%%
@ = 5° 86% 14% 82% 18%
o = 10° 21% %% 86% 14%
¢ = 14°10 100% 0% 93% 7%
o = 16°40' 100% 0% 100% 0%
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B)

These figures illustrate the well known fact that it is difficult to

extract radiation from a semiconductor because of the large index
of refraction of the medium. However, in view of the large maxi=

mum refracted angles, (Pée ~ 76° and cPéi ~ 73° , it appears

“advisable to use some light collecting system to minimize further

coupling losses to the detector. This problem will be examined in

connection with the detector input coupling requireménts.

ABSORPTION LOSSES

The losses due to absorption must be compounded with the
refractive losses to determine the net emission from the semicon-
ductor sample. We have already shown that the total
radiation reaching the two surfaces can be obtained by integration
over the sample f?lickness <

J. r (exp - Kx) dx =r (1-T)/K (4)
o
where the transmissivity T =exp (-K1). Making allowance for
multiple internal reflections and for superposition of upward ond
downward directions, we obtain for the radiation reaching the

upper slab surface

LY
}

e -1y [ K 0-RT)] (5)

Therefore, the total radiation emitted from the surface, accounting

197}

for the final refractive loss, obtains fo
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and in terms of the actual emission for recombination radiation

. _ 8n2Q(-T) 1-R) A
P = =R " (7)

The absorption coefficient K is given for both Ge and Si in Fig. 2
for the region between 1 and 2 ym. We can now evqluate the maxi-
mum value of the emission under assumption of nomal incidence.
For K¥ = 1, the emission for Ge is reduced to 0.46 and in Si to
0.49 from the previously presented figures. The contribution of

all refractive angles is clearly a complex analytical problem suit-
able for treatment by electronic computer. This step is beyond the

objectives of the present program.

- 33 =
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TRANSMISSION OF RADIATIVE SIGNAL

A problem of substantial practical importance during the conduct
of forthcoming studies on radiation emitted by semiconductors concerns the
fransmission of such signal to a suitable detector.

The requirements imposed on the transmission line include low
losses, wideband transfer characteristics and efficient coupling at the source
and at the detector terminals. |

The choice is here between propagation in a dielectric medium and
propagation in a metallic pipeline, and these two methods shall be ireated
here in detail to analyze their applicability in the wavelength region of
interest.

A) TRANSMISSION THROUGH DIELECTRIC MEDIUM

Total internal reflection in a dielectric medium can be used
as a method for transmitting an available luminous signal over o
required distance with low attenuation. (19)

For the purpose of collecting the radiation expected from a
semiconductor slab, we are interested in evaluating acceptance
angle, entrance and exit attenuation factors and attenuation along
the lightguide. In addition, the spectrum transmission function
should also be known. These factors will allow o precise evalua-

tion of the output intensity for any given input signal.
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First of all, we are interested in determining the numerical

aperture of the lightguide

NA=sin9=A/ni - n 2 (1)
1 2

The half angle 6 describes maximum incidence for a transmifted
ray. This angle is related to the index of refraction n of the
fiber core and to that of the outer cladding s for total internal
reflection n > n .

For the fibers available for this program, the entrance angle
thalf angle) ranges from 30° to 39° corresponding to a NA = 0.5
=0,63. The index of refraction of the core is generally n =
1.62 and that of the cladding n = 1.49 - 1.54.

Second, we shall evaluate the losses at the entrance aper=-

ture due to Fresnel reflection

= (oY (2)
F n + 1
In this case, for perpendicular incidence and for a smooth entrance
surface, we obtain RF = 0.056 for n = 1.62. Thus, the
entrance losses are approximately 6%. For the exit aperture the

losses are the same since the Fresnel formula is modified to

F(}ZZ Y (3)
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B)

We evaluate nexi the transmission losses expected for the
spectrum range of interest. In Figs. 4 and 5, we present the trans-
mission for typical glass and plastic fibers. From these data, we
can now infer an average attenuation coefficient for the region
between 1 and 2 pm for which emission is anticipated. For any
luminous input signal 'o , the output available after transmission

through a length £ will be approximately
| = Ioexp (=) (4)

From the data of Fig. 5, we shall assume a conservative
figure of 60% for the transmission over one foot length. There-~
fore, the attenuation coefficient will be @~ 0.3/ft.

Finally, the total transmission, including Fresnel losses at

the enfrance and exit apertures, will be about

T = (1--RF)2 exp (-ot) (5)
For the practical case of interest here Re = 0.06 and t=1.5

ft., thus T<57%.

TRANSMISSION THROUGH LIGHTGUIDES

Lightguides are essentially greatly oversized waveguides
which are used without mode discrimination, thus the transmission

occurs in many very high order modes. The transmission is more
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easily described in terms of geometrical optics by following the multiple
reflections which a plane wave undergoes when passing through the pipe.
The adoption of this type of hardware is common practice for far-
infrared applications. We infend fo examine here the possibility to extend
this use to the near infrared to obtain a wide passband for the radiation of
interest (thermal and non-thermal ).
The reflection coefficient of a metallic conductor can easily be

computed by means of electromagnetic fheory(zo)

. The expressions used
here apply strictly for very high reflectivity (close to one ), which is the
case for practically all metals for wavelengths of 10 um or longer. For
smaller wavelengths, the differences become progressively more appreciable
and, finally, for the visible range, the macroscopic electromagnetic theory
is no longer applicable. For the intermediate region of interest here the
results are expected to have still some validity, particularly if metals are
selected which exhibit still very high reflectivities to as short a wavelength
as 1 um (e.g., Ag, Au, Cu).

The reflection coefficient can be given for polarization perpendicular

(RS) and parallel (Rp) to the plane of incidence

R a2 1 - ZXQ (6)
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222 - 2o + x2

RPN 202 + 2xa + x2 7)
where - o is the grazing angle and x is given by
i
x = 0,18 (p /1) (8)

When the number of reflections N is large, it can be shown
that both polarizations are attenuated exponentially down the light
guide with the parallel polarization more rapidly attenuated than
the perpendicular. The total transmission is then found by inte-
gration over the solid angle of the incoming radiation and can be

computed from
T=%exp (~2q) +[1 - exp (-q/2F2)]F2/q
1 2
~3 1+ exp (-2q) | -o/8F (9)

where g =x (L/d)=0.18 (p /1 )%(L/d)

Here, p = resistivity of the metal wall in Qem,
A = wavelength of radiation in cm
L = length of the pipe of diameter d
F = f/number.of incoming radiation

We obtain now for a gold plated conductor with a thickness

of several skin depths
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A1 ] LD

jm
We compute the following table for transmission over the

wavelength range of interest

L/d - 100 | 10

A
10 ym 0.48 | 0.90
5 pum 0.44 | 0.88
2 um 0.41 | 0.82
1 ym | 0.40 | 0.77

We thus conclude that transmission in the medium and near
infrared is still acceptable for present purposes. However, in
order to retain reasonable values of transmission the ratio of L/d
should not greatly exceed 100. Thus, we have to resort to very
short distances between radiant source and detector. The dia-
‘meter d should not exceed greatly the characteristic size of the
object, otherwise the signal will be masked by the coniribution

of the background radiation.
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V)  EVALUATION OF RADIATION DETECTION PROBLEMS

We are interested here in evaluating the radiation emission expected from
a generalized semiconductor geometry in order to assess the voltage signal and
the signal-to-noise level to be encountered. This analysis will offer the neces-
sary guidelines for the optimum detector type and geomeiry to be used. It will
serve also in the selection of the electronic circuitry required to process the
detected signal.

We shall first consider the response of the detector to an incoming radiant
flux. Assuming operation in the photoconductive mode, the voltage Vs
induced as a signal is caused by an increase An of the free carriers n normally

present in the crystal

V = E RxRL On (1)
s -(Rx + R&) (Rx + RL) n

Here Rx is the c'rysfal resistance, R& is the load resistance and E is the voltage
provided by the bias battery.

For a defector crystal of area A, operating at a photoconversion efficiency
¢ (radiant flux into free carriers) and with a carrier lifetime 7, the change in

charge carriers An can be related to the incident photon flux 8 s thus trans-

forming equation (1) into
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) E Rx R'{) e@sAT (2)
s (Rx + R&)2 n

g, comprises the photon flux up to the long wavelength cut-off of the detector.
For a time-varying generation of the radiant signal, the expression should

be further modified to include the term

1
V=YV 3
fC ea2F ®

We should now turn our attention to the noise expected from the detector element.

The Johnson noise can be evaluated from
4kTR )E
vni = (4kT x) (4)

where k is the Boltzmann constant and T is the temperature of the detector
element. Fora TMQ element at room temperature this is typically 107 v//Hz
and at 4.2°K this reduces to about 10~8 vV Hz. Thus, this source of noise is
usually small compared to other types.

The 1/ noise should not be appreciable for frequencies above 100 Hz.
This contribution was investigated by A. V. MacRae and H. Levinstein(m) who

suggest the following relationship for the noise voltage:
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v = 2»\/B(IzRX/f) (5)

n,f
where B is an experimentally determined constant and | is the current through
th le =E/(R +R ).
e sample /( - L),
A major noise coniribution is given by the generation and recombination
(G-R) rates of the charge carriers. This problem has been examined by K. M.

(22)

van Vliet who proposed the following expression for the G-R noise

&

ER R
x 4

Af ] (6)
v =2 =Xt [T )
n,gr (Rx + RL)Z i< n> !

L
(1 +o272)

Here, <An®> is the variance in n and Af is the amplifier bandwidth used.
If the carriers are generated thermally by lattice vibrations, we have the case of
G-R noise and < An?> = n. On the other hand, if the background radiation

dominates carrier production, we have photon noise (PN ) and

2 _ / 1
<hm> “Z"x i] +eXP(hC/ka)~1) 7
A

However, for T, = 300°K and ) < 10 pm, the second term inside the paren-

B
thesis of equation (7) is always small, and <A n?>on as for the GR noise.

The performance of the detector is conveniently expressed in terms of the

detectivity which relates the signal~to-noise ratio to the incoming rms power
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density Ps. The normalized detectivity D* is generally adopted in order to define

a parameter which is independent of detector area.

A
D* = S (af)

Vn P A
s

o

1
cm Hz® /watt (8)

-

This figure of merit defines the rms signal-to-voltage ratio obtained per watt of

radiant power. Alternatively, the noise equivalent power NEP is obtained from

E VAP .
NEP = =% = v" sL watt/ Hz? (9)
s (af)

and this parameter indicates the power required to obtain a signal-to-noise ratio
equal to unity.

In terms of the previously used parameters, D* may be given as

py
D* = ;__eA{_T_.\% f.s....
= n/ P (10)

s

We shall now proceed with an estimate of the expected signal. First we
consider the background emission due to temperature increase of the semiconductor
slab. The assumption is made that the room temperature contribution can be
masked by appropriate reduction of the field of view. The temperature of the

substrate is estimated at 320°K under transient condifions during pulsing. This

- 43 -



ADVANCED KINETICS, I NC,

would entail the following parameters:

= o
Tb 320°K
Miax = 9 um
w = 6 * 1072 watt/cm? (for emissivity = 1)
- . -3 2,
W, 4.5 * 107 wati/em® + uym (at )‘max)
& = 5 .10'8 photons/cm?® - sec
Emax = 0.14 ev (photon energy at )\,qu)
W um= 10~ (fraction of energy radiated at 4um)
Ws um™ 6 * 1075 (fraction of energy radiated at Zum)

If the thermal emission is detected against a background of appreciably lower
temperature, or if the acceptance angle is sufficiently small, we estimate a signal
af A = 2um of about 100pv. This evaluation entails an acceptance area of
2 * 1072 em? (corresponding to a fiber lightguide of 0.030 inch diameter), a
conversion efficiency of 10% and a detector responsivity of 10% v/w, which is
typical for PbS at 77°K.

An accurate evaluation of the non~thermal radiation is not simple because
it is predominantly trap radiation which is generated. However, we can obtain
simple guidelines by using for AR the equations for the case of high excitation

ievel. We obtain then
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R =R +aR =R (1 +(An)2/n§> (1)
Assuming an arbitrary injection such that An = 2ni, R results to be 8 * 1012 /
cm® sec. If the average photon energy is 1 ev and the conversion efficiency

is 107, we expect a power of 10~° watt or a signal of 10™* volt at a responsivity
of 10% volt/watt. This value is however an upper bound. For the more real-
istic case of a low excitation level, the signal should be reduced by at least one
order of magnitude.

Thus, the non~thermal radiation may well be of the same order of magnitude
as the thermal radiation emitted in the same waveband. The only discrimination
possible is by means of the characteristic decay time after carrier injection; for
the non-thermal emission the recombination times are rapid, at least in heavily

doped semiconductors, whereas the decay of the lattice temperamre is a slow process

governed by thermal diffusion.
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Vi) DISCUSSION OF EXPERIMENTAL EFFORT

In the late forties, a number of reflecting and reflecting~refracting micro-
scopes were developed, suitable for scanning objects in the near~infrared range
(23,24, 25'26). The use of these instruments in determining temperature profiles
in microstructures is therefore reasonably old and several combinations of micro-
scopes and radiometers have been described in the literature (27,28) . The use of
fiber optics eliminates the requirement for a collecting reflective system, although
it limits the response to the passband available at this time in commercial fibers,
which is approximately to 2 ym. Thus: the transmission of room temperature
radiation is severely attenuated. In the future, with the possible development
of glass fibers of wider passband this drawback may be remedied.

In view of this situation, the basic objective of the brief experimental effort
conducted during the course of this program is to attempt to determine the radiative
mechanism of the emission from semiconductors. From the analysis of the results
from tests carried out on several configurations, guidelines will be evolved for the
adoption of the method in the diagnostic of operating solid state devices.

At the beginning of the experiments it was realized by means of theoretical
evaluation that the signal of interest is a low intensity effect. Hence, main
emphasis was given to high sensitivity of the detector and to minimizing radiative

background and spurious electromagnetic interference. Initially, two detector

configurations were considered. The first geometry is presented in Figure 6.
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A liquid helium detector dewar (ADKIN Model RC~4) has been modified to
provide a bottom~looking entrance aperture. This window features means for
bringing a fiber lightguide of 0.032 inch diameter into the field of view of
the cryogenic detector. A cryogenically-cooled lightguide is used for high
efficiency coupling and to decrease the radiative background noise. A simple
change of entrance plate allows to reduce the size of the dielectric lightguide,
if the detected intensity is sufficient. With this configuration, in combination
with absorption filters, the radiative emission can be studued from simple semi-
conductor geometries which are amenable to analytical interpretation.

The second configuration i§ presented in Figure 7. The same cryogenic
container is used. However, in this case, the dielectric entrance lightguide
is replaced by a short metallic lightguide which is terminated with a dual
detector system. One detector is designed for peak detectivity in the region
of 8 = 10 ym, corresponding to black body emission at T ~ 300° to 350°K.
The second detector on the other hand, is peaked for defectivity in the near-
infrared between 1 and 3 pm. In this fashion, we hoped to be able to correlate
the radiative emission from direct or indirect transitions with thermal emission
due to phonon excitation. The operation is planned first for the kHz frequency
region. This allows the use of low-noise preamplifiers (ADKIN Type F~60)
with only 10 nv// Hz noise.

The semiconductor test samples are installed on a N/C two-axes precision
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stage. The motion is programmable or manually selected. The displacement
accuracy is 0.00003 inch, which is ample for the scanning resolution required
for this study.

Appropriate electronic circuits are used to pulse moduiate the semiconductor
devices with selected time cycles. The behavior of the device is studied simul-

taneously on an oscilloscope curve tracer, Tektronix model 576.
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VII) CALIBRATION OF INFRARED DETECTORS

The detectors selected for studying the radiation emitted from the semi-
conductors are photoconductors of the PbS and GeHg type. Detection can be
carried out with the PbS in the band between 1 and 4 pm and with the GeHg
detector between 2 and 15 pym. The first detector has maximum. responsivity
at 3.5 pm and the second af approximately 10 um. It is therefore possible in
principle to detect predominantly thermal radiation and to discriminate the same
from possible recombination radiation emission.

The first step during the experiments was to calibrate carefully these
detectors to determine the characteristic parameters and to insure that they are
suitable for the detection of the feeble radiation anticipated here.

The PbS detector is designed to operate at approximately 77°K and the
GeHg at 4.2°K. Since they are connected to the same cryogenic reservoir, runs
were taken at both temperatures to determine the response.

The experimental set-up consisted of the following equipment:

i)  Adkin BB~500 Blackbody Vacuum Source

ii) Adkin VSM-1 Chopper and Filter Assembly in Vacuum
Housing

iti) Adkin RC-4-A Research Dewar

iv) Adkin F-60-2 60 db Gain Low Noise Preamplifier

v)  Krohn-Hite 3103 Variable Filter

vi)  Princeton Applied Lock=in Volimeter

Research Model 121
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The experimental set-up was the following: the temperature of the black
body calibration source was selected to be 500°K and was maintained to a precision
of better that 1°K by means of an electronic control and sensing circuit. The
emitted power is lightpiped by means of precision lightguides in the vacuo to a
chopper and filter housing. This allows to modulate and to fiiter the radiation
to study the response at a few wavebands. The modulated radiation is lightpiped
finally into the low temperature dewar. Biasing currents for the detectors is
provided by low noise triaxial networks and the signal is fed to the lock~in
voltmeter via a very low noise preamplifier. The solid angle of the detector
system is defined by an aperture stop in a vapor~cooled radiation shield and by
the acceptance angle of the condensing cone. To eliminate absorption effects,
all the measurements were conducted under evacuated conditions.

From the temperature and the emissivity of the blackbody and from the com-
puted attenuation, we infer the radiant energy impinging on the detector elements.
Response and noise are then related to the input power at several bias currents and
for operating temperatures of 77° and 4°K. The results obtained from these
calibration runs are presented in the following tables in terms of responsivity R

(volt/ watt), NEP (watt), NEP (wati// Hz), D* (cm/ Hz/watt).
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VIiIl) EXPERIMENTS ON RADIATION FROM SEMICONDUCTORS

A)  EXPERIMENTS WITHOUT SCREENING CAGE

The experimental effort is directed at obtaining some indication of
the radiation emitted from simple simiconductor structures and at determin-
ing the functional dependence on carrier injection parameters.

The first series of tests entailed using transistor configurations in which
the junction is exposed so that the emitted radiation can be detected without
obstructions. This proved to be a problem because, in general, accessibility
to any device is resiricted due to the elecirode configuration. A number of
power transistors were opened in this attempt. Finally, we settled for a
2N1183 NPN power transistor which features a reasonably satisfactory
geometry.

A pulser is used to produce an adjustable function (square wave,
sinusoidal or triangular). The frequency of this output can be selected and
the pulse is applied to program a Tektronix 576 curve tracer oscilloscope.
The modulation function is therefore immediately visible on the screen
together with the parameters of applied current and voltage.

In the initial tests, a single channel detector configuration was used
(Figure 6) consisting of a high sensitivity calibrated PbS cooled to 77°K and

with the output fed via an ADKIN low noise preamplifier model F~60-2 to a dual
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channel CRO. The experiments were conducted in the open laboratory area
without taking any particular shielding precautions. When the transistor
is pulsed with a square wave function of 1 = 2 amps, a signal could be
detected at the 200 pv level. A typical oscillogram is given in Figure 8
where two traces are synchronized relating the radiation signal to the
modulation function. The time scé_le is 5 msec/cm corresponding to a
repetition rate of 100 pps. The amplitude is 1 amp/cm. The signal from
the detector is seen fo increase almost linearly as a function of time after
an initial transient due to the application of the current. Similarly, the
signal decays after the pulse is turned off. The signal was determined to
originate from the junction area since slight lateral motion by means of the
numerically controlled stage causes an appreciable reduction in the inten-
sity. There is some slight indication of the presence of two decay times,
one in the sub-millisecond region and the second on the order of several
milliseconds. The RC decay time of the detector circuit is estimated at
about 100 psec.

The next measurement entailed the detection of the signal level
obtainable as a funcﬁon‘of the base current through the transistor. The
transistor was pulsed af variable repetition rates from 25 to 250 pps with
a square wave up to 2.6 amp. The results obtained are given in Figure 9.

The signals are seen to disappear when metallic or dielectric absorbing
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materials are interposed in the light path.

A Waveform Eductor manufactured by PAR was also operated in these
experiments. However, the results were unsatisfactory because the drift of
the baseline makes the instrument rather useless for signal levels below 500 pv,

and this is the upper bound of the region of interest here.

B)  EXPERIMENTS INSIDE FARADAY SCREEN CAGE

A second phase of the experimental effort was aimed at the reduction
of any spurious pick-up noise in order to improve the quality of the signal
detected. The complete experimental system was set up inside a Faraday
screen cage provided with floating power and line filters. The only portion
of the equipment which was left outside and adjacent to the cage is the
electronic circuitry for the drive of the numerically controlled stage.
Screening cones were manufactured to surround the radiating semiconductor
device and to prevent pick-up from the pulse generating equ ipment. This
was a particularly time=consuming prodecure which required complete
triaxial ducting of the signal. After careful elimination of other noise
sources, significant signals could be detected down to a level of 10 nano-
volt. Without similar extensive precautions it would be difficult to assess
the validity of detected radiation signals.

A schematic drawing of the system installed in the Faraday cage is given
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in Figure 10. Additional electronic components, e.g., oscilloscopes and
others, are not shown. Lock~in preamplifiers (PAR Model 121 or HR8) are
used with a low-noise preamplification stage (ADKIN F-60-2). The use of
a waveform eductor is excluded at the low signal input voltages for the
reasons discussed before.

The emission from a power transistor was investigated first, The
transistor was the NPN type 2N1701 whose configuration is reproduced in
Figure 11a and 11b. The fiber lightguide used has a diameter of 0.031
inch and a calculated acceptance half angle of 35°, Hence the resolution
is not very good but acceptable for present purposes. The trace obtained
from a scan across the configuration is given in Figure 12, In this case
the stage was driven incrementally manually. After some readjustment of
the scanning line, a slightly higher signal profile was obtained. At this
point, the numerically controlled stage was activated and the output from
the lock=~in electronics was displayed on a recorder. The profile is presen-
ted in Figure 13. Full=scale deflection corresponds here to 5 pv, thus,
the maximum amplitude is approximately 2.6 uv. The scanning line for
this automatic display is given in Figure 11b. It is inferred from these
results that the main portion of the radiation is detected across the emitter~

to-base junction. The base-to~collector is unfortunately not accessible
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in this configuration and in similar ones for reasons of thermal efficiency.
Thus, the amplitude of the signal is certainly lower than that expected
across the collector-to~base junction.

A test was therefore conducted to determine the possibility of obtain-
ing increased signal by letting the fiberoptic lightguide ook at an inclined
angle with respect to the normal. By proper aiming, it should be possible to
detect some contribution from the base~to-collector region since the config-
uration of the 2N1701 appears to have a mesa~like structure. The results
of this test are given in Figure 14. It is evident that wifh increasing inclin-
ation {angle with respect to the normal) the detected radiation signal also
incfeases.

The next test conducted was aimed at determining the radiative emission
versus collector current and voltage. The results are plotted in Figures 15
and 16. For low values of VCE up to 6 volis, the radiation signal appears
to be nearly linear with current up to approximately 2.5 amp. At VCE in
excess of 10 volts, the relationship is non~linear and the radiation signal
increases more rapidly with current.

A number of other transistor devices have been investigated. Among
these are the following: RCA 40314, 2N696 (Si NPN), TR 02C. In most
cases, the junction geometry could not be used for experimentation because

the area of interest was obscured by electrodes or other material. The
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signals amounted at best to 20-50 nv, and hence it was not possible to
collect a clean set of data as in the case of the 2N1701,

A number of diodes were studied without detection of any appreciable
signal. The highest current ratings were applied to the GE type 1N=-2156R
at 25 amp continuous duty and 400 amp surge. Observation was attempted
laterally because of the inherent geometrical difficulties posed by nearly
all diedes. The results were negative.

Gated bidirectional thyristors were also investigated because of the
ability of conducting considerable current loads. The RCA model 40430
(Triac) yielded detectable signals at the level of several microvolis.
Typical dependence of the radiative output on current amplitude is given in
Figure 17. A momentary overload point is also entered to indicate that
the radiation decreases appreciably under such conditions. The data were
taken with the device operating af 120 Hz. A decrease in frequency to
60 Hz under equal current loading increased the signal by more than o
factor of two (e.g. at 5 amp, Vs = 4.3 pv at 120 Hz and 11 pv at 60 Hz).

The operation with IC's was not particularly successful. A number
of different configurations were investigated in detail but in every case
the signals were too close to the noise level to be convincing. The maximum
current injected was 50 ma into a 200 ohm load by using a Fairchild U5B~
770939X operational amplifier which yielded an indication close to the
noise level (10 nv).
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IX) CONCLUSIONS AND RECOMMENDATIONS

The results obtained during the course of this program covering theoretical
and experimental work on the detection of infrared radiation from semiconductors

may be summarized as follows:

i) Signals attributable to radiative emission in the near-infrared have
been detected from a number of semiconductor devices during operation.
The maximum signal levels obtained with a cooled PbS detector with a
responsivity of over 10° v/w amount to 10™* v. In general, for most

of the devices investigated, signals were acquired below the pv level.

ii)  The small signals available impose extreme care in the experimental
detection procedures adopted. The lightguide itself can give rise to

the transmission of spurious signals from the pulsed circuitry which travel to
the detector in form of dielectric waveguide perturbations. The disappear—
ance of the signal when interposing a metallic boundary is not sufficient
indication for the authenticity of the detected amplitude. Attention is
drawn to the fact that the pulsed semiconductor becomes a radiating
electromagnetic source which must be screened from the susceptible high~-
impedance detector.  Thus, signals in excess of 107 v must be examined

with particular care.

iii) Discrimination of the signals attributable to thermal as opposed to
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non-thermal (DR, TR, IR) radiation has proved a difficult task. First of
all, insertion of bandpass filters constitutes a sufficiently severe loss, so
that usually the signal is reduced to the background level. This is due
not only to the Fresnel losses at the filter interface, but even more so,

to the rapid decrease in signal amplitude when the lightguide is removed
from the immediate vicinity of the semiconductor surfuce. The experiments
air:rned at obtaining simultaneous signals at two wavelengths were not
successful, since in this case the higher coupling losses due to metallic
lightguide and separation of objects and detectors from the same reduced
the signal to the nanovolt level. In general, we are inclined to believe
that both components are always present in different proportions. In the
operating mode where thermal effects are small, that is, for short pulse
times, small current amplitudes and low repetition rates, the signal is
probably mainly of non~thermal nature and is ascribable to recombination
radiation due to the trap mechansim. In this regime, the radiation signal
increases linearly with injection current, corresponding fo the theoretical
case of low carrier density injection. For higher currents and duty cycles,
the signal is seen fo increase at times nearly quadratically with injection
parameters. This matches the expected behavior not only for high density
injection but also for the appearance of thermal emission. This contribu~

tion depends greatly on the thermal dissipation in the device and the heat
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conductivity to the attached heat sinks.

iv)  The same argument can be drawn from the observation of decay times
of the radiative signal. We characterize the decay of any thermal contri-
bution by the diffusivity of heat in the semiconductor. From two-dimensional
diffusion equations we can define a thermal diffusion time 7 during which

the heat stored in a given volume will be carried a distance 4

T = tpe/mK (1)

Here p fis the density of the material; ¢ is the specific heat and K is the

thermal conductivity. For germanium and silicon, for instance, we obtain

= 0.858 42
TGe 85

. = 0.349 42 (2)
1

s

Thus, for £ = 0.1 cm, TGe ™ 8.6 msec, Tg; =~ 3.5 msec. This figure
is well in line with signal decay as presented in Figure 8 which can be
explained in terms of thermal diffusion times. On the other hand, the

more rapidly decaying component (about 400 psec), discernible after the

turn-off of carrier injection, is attributable to decay by recombination
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radiation. In this specific case, the contribution due to RR is clearly only
about 20% of the total signal detected.

A further evidence of thermal contribution fo the signal is seen under
conditions when the injection current is maintained constant and the duty
cycle is increased by prolonging pulse duration or repetition rate. This
change always induces an increase of signal which can be interpreted in

terms of additional thermal dissipation in the device.

v)  The scanning of an appreciable number of devices across the junction
region has always resulted in well defined profiles of the emiited radiation.
In most of the cases studied, the peak resulted to be less than 0.010 inch
or 250 pm in width, a figure which is set more by the finite aperture of the
lightguide used (0.030 inch diameter) than by the inherent size of the rad~-
iating zone. Under cw application of power to the device, it would be
difficult to explain the sharpness of the profile detected purely in terms of
fhermql radiation. These results, however, provide further evidence of
simultaneous contribution of thermal and non-thermal radiation when the
profile of the emission is examined in regions sufficiently remote from the

junction to allow for decay and recombination of the injected carriers.

The above conclusions and comments pertain to the interpretation of the

results gathered during these studies. We should now present some comments and

- 60 =



ADVANCED KINETICS, INC,

recommendaﬁonsregardfng the applicability of this method as a diagnostic tool

in semiconductor technology.

i) In general, none of the configurations studied yielded any radiation
through the original encapsulation material. For a metallic boundary
this is obvious. However, for a dielectric encapsulation, thermal radia-
tion can still be fransmitted with attenaution. Thus, the method requires
the availability of a device from which the encapsulation is completely
removed or which is fested on the assembly line before the encapsulation

stage is reached.

ii) It is difficult to detect the signal without a prior study of device
configuration. Even with this knowledge, considerable difficulties are
encountered in the detection because of configuration. In a number of
instances, the areas of interest are completely or parfially obstructed by
electrode configuration or by solder or other material deposited during the
encapsulation procedure. However, once the radiation from a given
device is detected, it appears to be straightforward to extend the observa-~

tion to any number of similar devices.

iii) During this study, litile or no success was scored with low power
devices, such as small diodes, low power IC's and similar. The signal in

these cases is estimated to be less than 20 nv. On the other hand, the signal
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levels from medium and high current transistors, triacs, SCR's and similar
devices were sufficiently high for detection well above the noise and for

acquiring sharp radiation profiles.

iv)  The outlook for appreciable improvement in the amplitude of the
detected signhal is not particularly favorable. The PbS detector used

here exhibits optimum parameters for detection of radiation in the 1 - 2um
region. Avalanche detectors recently becoming available commercially
have better time response but feature also relatively lower sensitivities
and higher noise levels. For the detection of the thermal component, the
use of fibers transmitting in the 5 pm wavelength will certainly increase

the detection level.

v)  The usefulness of infrared radiation detection in the study of operating
microstructures is beyond doubt. Direction of future research and develop-
ment efforts should be along the improvement of detector systems for acqui~
sition of thermal radiation. The main emphasis here should be on fibers
transmitting possibly all the way out to 10 ym. Materials with these
properties have been available for a number of years. Therefore the prac-
tical realization of such fibers is just a development problem.

The question is now whether the additional detection of recombination

radiation can confribute appreciably as a diagnostic tool. The method
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could offer an indication of carrier density distribution in a given semicon-
ductor. Thus, if the nominal values of n and p are known and 4An or

A p are measured, substantial information could be derived about the distri~
bution of n and p in any accessible geometry and about the carrier
decay with distance.

This adds appreciably to the knowledge of microconduction effects
in the bulk of the material, hence as a diagnostic tool the RR method
provides a more basic understanding than that afforded by the thermal
radiation method alone. However, the RR detection method is presently
beset by experimental difficulties which require experienced personnel to
derive significant data and it is not readily suitable to assembly line
production control.

The basic foundations for this method are now well established and
its limitations are understood both theoretically and from the practical
viewpoint of the experimentalist. In all those cases where the answers
to be provided by the wedk signal available from carrier recombination

effects is worth the effort, its application is both feasible and recommended.
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Figure  8: Radiation from 2N1183 NPN Power Transistor with Currant

Modulation Funciion
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Figure Q9: Defected Radiation Signol from Junction of 2N1183 Transistos
(at three pulse repetition rates)
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Figure 110

Top View of NPN Power Transistor
Type 2N 1701

Mounted on Heat Sink
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