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Transient currents due to the emission of carriers trapped on shallow doping levels are investigat-
ed in silicon junctions at low temperature. The current-vs-time curves present a peak which can be
explained in terms of electric field activation. Simultaneous bulk resistivity measurements allow
determination of a temperature range where the transient currents can be properly analyzed, i.e., be-
tween 20—25 K. The detrapping kinetics are then analyzed mathematically and the different possi-
ble electric field activation mechanisms reviewed: shallow-impurity impact ionization, Frenkel-
Poole effect, tunneling, and phonon-assisted tunneling. Three-dimensional calculations are per-
formed for these last two effects and tractable expressions are derived. In Si:P junctions, fairly good
agreement between the theoretical model and experimental data is obtained for Frenkel-Poole effect
only. In Si:B junctions, an electric-field-dependent peak is observed for ionization transient
currents, but it is too broad to be fitted. This is shown to be due to the very high resistivity of our
p-type samples in the temperature range investigated. Finally, the value obtained for the electron-
capture cross section on phosphorous is discussed.
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I. INTRODUCTION

In silicon, the usual donor and acceptor impurities such
as phosphorus or boron introduce shallow energy levels,
the so-called hydrogenic states, doping the semiconductor
to the desired type and density of free carriers. Indeed, at
room temperature, the lattice thermal energy is high
enough to ionize these levels, providing free carriers. If a

. reverse potential is applied to a rectifying contact
(Schottky diode, p -n junction,. . .), the free carriers are in-
stantaneously swept away by the surface electric field, re-
sulting in a depletion or space-charge layer. For nonde-
generate concentrations of doping impurities at sufficient-
ly low temperatures, carrier “freezeout” occurs, i.e., the
density of thermally generated carriers vanishes. Between
20 and 30 K, some free carriers remain available in the sil-
icon bulk, but the emission time constant of these carriers
trapped on the doping levels is in the microsecond-
millisecond range. Consequently, any increase in the re-
verse potential applied to a junction will be followed by a
slow emission of the carriers from the impurity states in
the space-charge region, until the depletion region relaxes
into its steady state, i.e., impurities fully ionized.

Only recently have studies of depletion-layer formation
in silicon junctions at low temperature been reported in
the literature.!~>. It has been observed that the detrapping
current is not monotonic in time but presents a peak in
both n- and p-type Si junctions.’ Considering the effect of
the electric field in the diode on emission kinetics, it has
been suggested that this effect may be due either to tun-
neling effect at very low temperature’ or to Frenkel-Poole
effect at intermediate temperatures.!—>

In this paper, we report a detailed experimental and
theoretical investigation of the ionization transient
currents (ITC) brought about in Si p-n junctions by the
ionization of the shallow levels in the space-charge layer
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at low temperature. It will be shown that, taking the ap-
propriate experimental precautions, the ITC in silicon can
be accurately described using a model based on field-
enhanced thermal emission. In the temperature range in-
vestigated (20—25 K), the Frenkel-Poole effect is shown to
fit all our experimental data, contrary to pure or phonon-
assisted tunneling. Moreover, the very good agreement
between the theoretical model and the experimental data
rules out the presence of shallow impurity impact ioniza-
tion during the ITC, even though electric fields far larger
than the critical field do build up in the frozen-out junc-
tion during the transient process. This result is explained
in terms of the impact ionization mean free path being
larger than the width of the depletion layer during the
emission transient.

In Sec. II, after description of the experimental tech-
nique and device preparation, the experimental results are
given. The theoretical analysis is presented in Sec. III: In
the case of a uniformly doped junction, the ITC in the
diode is shown to be the solution to a set of first-order
partial differential equations with one-sided boundary
conditions. These equations can be solved numerically
without any serious computational problems. The dif-
ferent electric field effects are reviewed and their efficien-
cies are discussed. The experimental data are compared
with the theoretical model in Sec. IV. They are fitted for
different sets of temperature and bias conditions. The role
of compensation, particularly through its effect on bulk
resistivity, is discussed. Finally, the validity of the model,
for different ranges of temperature and electric field, is
briefly analyzed.

II. DEVICE PREPARATION AND EXPERIMENTS

Experimental devices are fabricated on (100) 3-in Si
wafers of the thickness L =380 um, provided by
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SILTRONIX. The n-type samples (series N) are 1.3—2.6
Q cm phosphorus-doped (Si:P), introducing a E, —44-meV
level and the p-type samples (series P) are 1—3 Qcm
boron-doped (Si:B), introducing a E,+45-meV level.®
Prior to device preparation, the backside faces are degen-
erated and damaged in order to yield a good backside
Ohmic contact. Using standard planar technology, p*-n
(respectively, n *-p) junctions are diffused at 1000°C for 1
h with nominal areas of 60X 160 um (respectively, 310
X310 pum). The doping gradient is thus expected to ex-
tend over less than 0.6 um. In order to study the bulk
resistivity, neighboring Ohmic contact n *-n (respectively,
p t-p) of the same geometry was previously diffused. The
junction areas are made small as doping striations in the
wafers might widen the transient currents observed.

The samples are fixed in a brass flat pack and cooled in
a circulating helium cryostat (CRCS Air Liquide). The
temperature is stabilized within a few tens of mK and the
absolute temperature measured within + 100 mK by
means of a calibrated platinum resistor. This resistor is
placed inside the copper cold head near its extremity and
comes within 1 mm of the sample. In order to check
against any temperature differences between the sample
and the resistor, a calibrated cryogenic linear temperature
sensor, (CLTS) was put inside a similar flat pack in place
of the sample. The temperatures measured using both the
platinum resistor and the CLTS sensor proved to be iden-
tical within experimental errors. Finally, during our ITC
experiments, typical transient currents are in the 1-uA
range on 1-MQ bulk resistance; therefore, heating of the
sample during an ITC is negligible.

At the investigated temperature 7, some free carriers
remain available in the silicon bulk, so that the semicon-
ductor has not turned into an insulator. This is checked
by measuring the bulk resistance in the nt-n-n*t
(pT-p-pT) Ohmic contacts. The diode is forward biased
long enough for the carrier flow to fill the impurity states.
The applied potential is, however, kept sufficiently low to
avoid shallow-level impact ionization. Consequently, at
time ¢t =07, the shallow levels in the junction are in
thermal equilibrium with the bulk [Fig. 1(a)]. At time
t =07, the diode is reverse biased. The free carriers in the
junction are instantaneously swept away by the electric
field. Since most of the doping impurities have been neu-
tralized, the space-charge layer which builds up at the
semiconductor surface extends deeply into the bulk. Then
the electrons trapped in the space-charge region are
thermally emitted [Fig. 1(b)] and swept away by the elec-
tric field, resulting in an ionization transient current. This
current ceases when a steady state in the emission-
recombination mechanisms is reached [Fig. 1(c)].

The transient currents are detected on a charge resis-
tance, amplified by a low-noise preamplifier, and restored
by a boxcar averager with a duty cycle of 1%. At each
temperature, the following experimental precautions are
taken:

(i) The filling pulse duration and bias are enhanced un-
til the ITC becomes stationary.

(ii) The I(¥) curves of the diodes are drawn in order to
determine the barrier height V3. A value of 1.1 V is sys-
tematically found, and corresponds approximately to the
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Si gap.

(iii) The bulk resistance R,(T) is measured through the
nt-n-nt (or p*-p-p*) Ohmic contacts by means of a
100-mV applied dc bias, i.e., a voltage low enough to
avoid any heating of the substrate. Moreover, the I(V)
characteristics are checked for linearity up to the critical
field where shallow impurity impact ionization occurs, so
that the contact can be considered as effectively Ohmic.
Since the diodes and the Ohmic contacts have the same
geometry, R,(T) is the largest bulk resistance in series
with the diode during the ITC. If i,,,R,(T) is not
reasonably small compared to the applied potential V,,
most of the potential drop occurs in the semiconductor
bulk and the ITC data analysis is not straightforward.
Indeed, the bulk resistance changes dramatically during
shrinkage of the depletion layer.

Figure 2 shows the curves log(R;) vs 1/T for samples
of both types (N1 and P1), the ITC of which will be in-
vestigated in what is to follow. These curves do not ex-
hibit the two straight sections characteristic of very low
compensation.” Note that the slope of the curves
log(R,T%/?) vs 1/T yields the activation energy of the
“freezeout” effect. One finds 44 meV for the n-type sam-
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FIG. 1. Energy-band diagrams of a p*-n junction for dif-
ferent conditions: (a) during the electrical filling pulse, (b) dur-
ing the doping impurity emission transient, and (c) at steady
state.
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FIG. 2. Semilog plots of bulk resistivity vs temperature in a
n-type sample (N 1) and in a p-type sample (P1).

ple and 45 meV in the p-type sample which are the fami-
liar binding energies of the doping impurities.

Typical ionization transient current-versus-time curves
in the n-type sample (N 1) are presented (i) at three dif-
ferent temperatures for the same applied bias in Fig. 3,
and (ii) for three different biases at a constant temperature
in Fig. 4. A large current overshoot is observed in the
current-versus-time curves. The detrapping Kkinetics are
obviously a function of both temperature and electric field
in the junction, strongly suggesting the presence of
electric-field-assisted thermal emission of trapped carriers
from the doping levels. The same effect is also observed
in the p-type sample (P1) as a function of temperature
(Fig. 5) and applied bias (Fig. 6).

III. THEORETICAL MODEL

A. Kinetic equations

In order to account for our experimental ITC’s, we have
worked out a theoretical model based on an electric-field-
assisted emission mechanism of trapped carriers.

Let us first make the following working assumptions.

(i) Charge transport in the space-charge layer is con-
sidered as instantaneous, i.e., any charge emitted is im-
mediately collected at the boundary of the depletion layer.
Indeed, even in the worst case of a completely depleted
380-um-thick Si sample, the maximum initial electric
fields are typically in the 10*> V/cm range, leading to tran-
sit times shorter than 10 ns.® The ITC’s are observed over
a time scale which is long in comparison to this transit
time.

(ii) Shallow impurity impact ionization by the carriers
emitted in the space-charge layer is neglected. A detailed
discussion is given in Appendix B.

Assuming the above, the carrier flow in the junction is
governed by (i) the charge-conservation equations, (ii)
Poisson’s law, and (iii) the equation describing the
emission-recombination mechanism in the diode. The
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FIG. 3. Ionization transient currents in Si:P p*-n diode at
three different temperatures. The doping impurity concentra-
tion is 3X 10" cm™3, the junction area 7.5X10~° cm?® The
solid lines refer to the experimental data while the dotted lines
are the best fits obtained with the theoretical model. The cap-
ture cross section is deduced to be 1.3 10~ cm?.

equations are written for a one-dimensional n-type junc-
tion.

The charge distribution p(x,?) in the semiconductor is
given by

px,0)=q{Ng (x,t)—[N4+n(x,0]} , (1

where N7 (x,t) is the concentration of ionized donors and
N, the compensating acceptor concentration. It is as-
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FIG. 4. Ionization transient currents in Si:P p *-n diode for
three applied voltages at 21.1 K. Other sample characteristics
are those of Fig. 3.
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£ 300 Va: 1V where €, is the silicon dielectric constant (1.03X 1012
E Fcm™)).
L The kinetic equation describing the generation-
nD: recombination mechanism in the semiconductor reads
O 200 +
— oN D (x,t) + +
- “ar =A7[Np—Njp (x,t)]—ByNp (x,t)n(x,t) , .
w t x
g (4)
é 100
(o where Np is the bulk donor concentration and Ay and By
the emission and recombination rates, respectively.
In the following, all concentrations are expressed in a
0 | | reduced form, i.e., we introduce
o1 02 03 04 05 y(x,0)=Ng (x,0)/Np , (52)
TIME (ms)
yo=Nb/Np , (5b)
FIG. 5. Large overshoots in ionization transient currents in E=N,/Np, (5¢)

Si:B n *-p diode at 23.3 and 24.3 K.

sumed that the emitted carriers are instantaneously in
thermal equilibrium with the semiconductor electron gas
so that the concentration of free carriers n (x,t) is given by
Boltzmann statistics:

(—q)V(x,t)
kT

()

n(x,t)=ngexp

where V(x,t) is the potential in the junction and the con-
centration of bulk free carriers n is given by Fermi-Dirac
statistics, taking into account the compensation.

The electric field distribution F(x,t) is governed by
Poisson’s law:
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FIG. 6. Ionization transient currents in Si:B n *-p diode for
three different applied voltages at 24.8 K.

where N ,’; is the ionized donor concentration in the bulk,
(Nb=no+N,),p(x,t) is defined as the ionization coeffi-
cient, and £ as the acceptor compensation factor.

The emission rate A is a function of the local electric
field. The different numerical expressions for A relative
to the different electric field effects will be given in Sec.
III B. The thermal recombination rate By, on the other
hand, is assumed not to be affected by the electric field.
In any case, in the high-field region of the junction, the
recombination term BN (x,t)n(x,t) is negligible, since,
according to Boltzmann statistics, n(x,t) is very low.
Nevertheless, the presence of this recombination term in
Eq. (4) allows one to get rid of the abrupt boundary ap-
proximation which is very difficult to handle numerically
in our specific problem.

Detailed balance applied under the zero-field conditions
then leads to

e 1w ©
no Yo
where e, is the zero-field thermal emission rate (see Sec.
III B).

Finally, the ionization transient current collected in the

external circuit is given by Gauss’s law:

dF(0,1)
—_ 7
i ()
where A is the area of the junction.
Equations (3) and (4) constitute a system of second-
order partial differential equations having two-sided boun-
dary conditions:

i(t)y=Ae

y(x,0)=y, for 0<x <L , (8a)
F(L,t)=0, (8b)
V(L,t)=0, (8¢)
Vo,n)=V;, (8d)



29 TRANSIENT-CURRENT STUDY OF . . .

where ¥V, is the total barrier height taking into account
the built-in barrier height V3 and the applied bias
Vo: Vi=Vp+V,.

In the event of high bulk resistance R;, which has to be
expected in silicon at cryogenic temperatures, the boun-
dary conditions (8b)—(8d) must be replaced by

F(W,)=0, (8e)
V(W,)=kT/(—q) , i)
V(0,8)=V, —Ryi (1) . (8g)

In fact, condition (8¢) is an approximation, since the
electric field between the boundary of the depletion layer
]
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and the backside contact is not equal to zero. However,
except at the very beginning of the detrapping transient,
the field near the depletion-layer boundary is small in
comparison to the mean electric field in the junction, as
long as the bulk resistivity is not overwhelming.

Solving Egs. (1)—(4) gives rise to important mathemati-
cal difficulties. However, in the case of uniform doping,
which is assumed in what follows, a set of first-order par-
tial differential equations having one-sided boundary con-
ditions can be written.

Changing the set of variables (x,#) in (V,t) where V is
the potential in the semiconductor, Eqgs. (3) and (4) be-
come, respectively,

1 |aF¥w) | _ (=@Np ~(—)V/kT
) 2 {y(V,5)=&1—(yo—&)e } 9
and
WV, | _ . 1=y —(—qW/kT | _ Iy (V,1) oK 1 1
o |~ Ap(P[1—y(V,0]—e, y(V,t)e F(w,n |2 th 5 | Forg |40 10

with the boundary conditions
F(0,t)=0,
y(V,0)=y, for 0<V<V¥;.

(11a)
(11b)

Finally, the relationship between the spatial and poten-
tial variables is expressed by

Vs du
= . 12
x fV F(u) (12

The integro-differential equations can be solved by an
ordinary step-by-step procedure, without any computa-
tional problems.

B. Electric-field-assisted emission

Three kinds of electric field effects compete during
emission, depending on electric field and temperature con-
ditions. These are (i) the lowering of the impurity poten-
tial barrier or Frenkel-Poole (FP) effect (path 1 in Fig. 7),
(ii) direct tunneling (TU) across the barrier (path 2 in Fig.
7), (iii) phonon-assisted tunneling (PAT) (path 3 in Fig. 7).
Contrary to some author’s assertions,* these electric field
effects also apply to holes emitted from their charged im-
purity state.” Our observation of electric-field-dependent
responses in p-type samples during ITC experiments pro-
vides, should it be necessary, supplementary proof of this.

Under our experimental conditions, where the energy
level of the ground state is very close to the conduction
band, all of the three above-mentioned effects are expected
to occur. Although the problem of electric-field-assisted
emission has been largely analyzed in the literature, nu-
merical solution of our differential equations requires ex-
pressions that are easy to handle. Therefore, we shall
present a simple analysis of three-dimensional electric
field effects.

r

When no electric field is present, the phonons in the
semiconductor give rise to a thermal emission rate e,, the
classical expression of which is based on the detailed-
balance principle:

—0 E;
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FIG. 7. The three different electric-field-assisted emissions
from a Coulombic well.
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where E; is the ionization energy of the doping level. The
preexponential term e_ is given by

en=0,N.vn/g » (14)
where o, is the capture cross section, N, the effective den-
sity of states in the conduction band, vy, the thermal velo-
city, and g the degeneracy factor. For a capture cross sec-
tion g, of 1.3 1013 cm?, (Ref. 5) e, in silicon is 3 10"
[T/(300 K)J*s™.

When an electric field F is applied, the potential barrier
is lowered by AE;, so that an electron with an energy lo-
cated between E;-AE; and E; is considered to be in the
conduction band (see Fig. 7). This is the well-known
Frenkel-Poole effect.'® Assuming that the preexponential
factor is not modified by the electric field, the resulting
emission rate in the field direction is

AE,

(epp=e, eXp— (15)

where the subscript FP specifies the Frenkel-Poole effect
and superscript 1 serves as a reminder that this result is
valid for a one-dimensional calculation. For a Coulombic
well, the lowering of the barrier is given by

1
qF /2

N

(16)

E;=q

The three-dimensional emission rate requires an integra-
tion over the whole space, in light of the spatial variation
of the lowering. For a Coulombic well, the final emission

rate is given by'!

(eD)pp=en {(1/¥N[e?(y—1)+1]++}, 17)

where y =AE; /kT.

Figure 8 shows the calculated activated thermal emis-
sion rate as a function of electric field at T =24 K.

As far as the pure tunneling effect is concerned, the
emission is a temperature-independent isoenergetic transi-
tion from the ground state to the conduction band (Fig. 2).
A reasonable approximation for the related three-
dimensional emission rate from a Coulombic well is
shown to be (see Appendix A)

g el 5] 5

' (erf)w-‘—gﬁ‘

(18)

J

I

|ty

e E. U 372 E
(63)pAT=7n fAE,- I—E— ] €Xp [ﬁ—
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FIG. 8. Emission rates Ay vs electric field for phosphorus
donor in silicon. The indication FP refers to the Frenkel-Poole
effect, TU to pure tunneling, and PAT to phonon-assisted tun-
neling. The electron-capture cross section is o, =1.3x10"1
cm?.

where U =[3¢#F /(4v2m* )]*/? is homogeneous to an en-
ergy. The exponential factor represents the transparency
of the hyperbolic barrier,'>!* and the preexponential fac-
tor is in the 10'%-s~! range in silicon for F=1 V/um.
The pure tunneling emission rate is significant only for
electric fields larger than 2 V/um as seen in Fig. 8.
Midway between the Frenkel-Poole and pure-tunnel ef-
fects is phonon-assisted tunneling. This is equivalent to
the Franz-Keldysh effect for photon absorption in semi-
conductors under electric field.">~'* As can be guessed
from Fig. 7, calculation of the total phonon-assisted tun-
nel emission requires a tedious double integration over the
(AE;,E;) energy range, as well as over the spatial distribu-
tion of the electric field. However, it can be shown (see
Appendix A) that, if the condition AE;/U >>1 is satis-
fied, and such is the case for the electric fields involved in
our experiments, the three-dimensional emission rate reads

dE

kT °

(19)
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This emission rate is plotted in Fig. 8 for T =24 K and
the same physical parameters (especially o,) as in the
Frenkel-Poole effect. In normally doped junctions, the
usual electric fields are in the few V/um range so that the
three processes are expected to occur during the ITC.

C. Illustrative numerical results

As an illustrative example, the kinetic equations have
been solved for a Si p*-n diode at T =24 K assuming
only the Frenkel-Poole effect, with o, =1.3x 10713 cm?,

1 @

IONIZATION COEFFICIENT

| | | 1
0] 2 4 6 8 10

DISTANCE FROM JUNCTION Cpm)
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The doping concentration is 3 X 10!* cm~* with an impur-
ity level at 44 meV, the acceptor compensation factor zero
and the total surface potential 1 V. Figures 9(a) and 9(b)
show the ionization coefficient y (x,t) and the electric-field
distribution F(x,t), respectively, at different times. The
resulting transient current is shown in Fig. 9(c). The large
current overshoot can be explained as follows.

At the beginning of the detrapping transient, the equili-
brium free-carrier concentration n, being low
(107°Np —1073Np), the corresponding depletion layer is
wide (> 100 um). The field at the semiconductor surface
is low and the carriers are emitted from their doping level

3
(b)
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FIG. 9. Calculated transient behavior of a p *-n Si:P diode at T =24 K. The donor concentration is 3 10" cm 3, the junction
area is 7.5 107° cm?, and the electron-capture cross section is 1.3 10~!3 cm2. (a) Ionization coefficient distribution vs distance
with time as a parameter; the dots indicate the conventional depletion-layer boundary, where ¥ =kT /q. (b) Electric field distribution
vs distance for the same sampling times as in 9(a). (c) The corresponding ionization transient current-vs-time curve; the sampling

times of curves @ and b are indicated by arrows.
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with the slow thermal emission coefficient e,,. As the im-
purities become more and more ionized, the space-charge
layer shrinks and the field increases near the semiconduct-
or surface. The barrier lowering by Frenkel-Poole effect
becomes predominant and the field activation is dramati-
cally enhanced, resulting in the increase in the ITC ob-
served in Fig. 9(c).

Clearly, the initial conditions of the detrapping kinetics
are governed by the ionized donor concentration NV, 3 [see
Eq. (5a)]. But, at cryogenic temperatures, N, £ is essential-
ly a function of the residual acceptor concentration which
is not accurately known. Consequently we have investi-
gated the influence of the compensating factor £ on the
transient currents calculated. Figure 10 shows the results
of the simulation for £=0 and £=3.3X 1073 at T =21.1
K, with the same device parameters as in Fig. 9. The in-
crease in £ leads to only a slight displacement of the
current peak, leading us to conclude that the influence of
£ on the detrapping kinetics can be neglected. The influ-
ence of compensation on the bulk resistance R, is crucial,
however, and will be analyzed in the next section.

IV. ANALYSIS OF RESULTS

A. Comparison between experimént and theory

We have compared our experimental data, obtained as
described in Sec. II, with the theoretical model, using the
different emission rates Ay corresponding to the different
electric field effects.

Figure 3 shows such a comparison for the n-type sam-
ple (N1) at three different temperatures (for bulk resis-
tance, see Fig. 2). The solid lines represent the experimen-
tal curves, while the dots refer to the theoretical model in
which the expressions for the Frenkel-Poole effect have
been used. It can be seen that the agreement between the

0.2
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FIG. 10. Calculated influence of the semiconductor compen-
sation on the ionization transient current at 21 K: bulk resistivi-
ty is assumed to be zero. Other sample characteristics are those

of Fig. 9.
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two is quite good. The unique fitting parameter is the
electron-capture cross section; its best value is found to be
0,=1.3X10"13 cm? The fit was not possible assuming a
tunnel effect, which is temperature independent, but
seemed practicable for phonon-assisted tunneling. How-
ever, this latter mechanism did not allow us to fit the bias
dependence of the ITC. On the contrary, agreement be-
tween the theoretical model based on the Frenkel-Poole ef-
fect and experimental ITC’s for three different applied
biases at T'=21.1 K was fairly good (see Fig. 4). This
strongly suggests that the Frenkel-Poole effect is the dom-
inant electric field mechanism in this temperature and
electric field range. The slight discrepancy at the begin-
ning of the transient (e.g., see Fig. 3) may originate from
(i) the high compensation due to the p* dopant diffusion
over the first 0.6 um of the junctions and/or (i) the
higher electric field at the edge of the diode. Both effects
may result in an enhancement of the emission rate, short-
circuiting the main ITC at the very beginning. Whatever
that may be, we have checked that the total charge emit-
ted during the ITC is consistent with the total charge in
the depletion region of the devices.

Let us point out that, for n-type material, the product
imaxRp(T) is at most in the few 100-mV range, which is
reasonably small compared to the applied voltages. This
is not the case in the Si:B junctions, the ITC’s of which
could not be fitted. The current-versus-time curves in
Figs. 5 and 6 are indeed too broad. In these last samples,
bulk resistivity is so high that most of the potential drop
occurs in the silicon bulk. Below T =22 K, no current
overshoots are observed in our n *-p diodes. This is con-
sistent with Tewksbury’s results. This author did not ob-
serve electric-field-dependent features in current-versus-
time characteristics in metal-oxide-semiconductor (MOS)
field-effect transistors. Indeed, most of his experiments
were performed between 12 and 21 K.*

The huge variations in semiconductor bulk resistivity
from one sample to another at the same temperature ori-
ginate from different compensation. From the curve
log(R, T37?) vs 1/T, and using mobility data already pub-
lished in the literature,'® one can estimate the compensat-
ing factors.” One finds approximately £=5x 107> for our
n-type samples and 3% 1072 for the p-type ones. These
values are in reasonable agreement with the supplier’s
specifications. The compensation factor higher in our p-
type samples than in the n-type was found to be systemat-
ic.

B. Discussion

Our investigation of the ionization transient currents—
both experimental and theoretical—has been deliberately
limited to a temperature range where the semiconductor is
not a perfect insulator and to transient processes in the
microsecond-millisecond range. We have shown that,
under these conditions, the ITC can be accurately
described by a model using only the Frenkel-Poole effect.

At higher temperatures (i.e.,, 77 K), the Frenkel-Poole
effect is even more dominant over the other effects. The
presence of this field-assisted emission has important
technological implications. For cryogenic devices operat-
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ing at the temperature of liquid nitrogen, the emission
time constant is not in the nanosecond range as might be
predicted when solely taking into account the thermal
mechanism. This would have drastic consequences on the
time response of devices, but owing to field activation, the
emission time constant remains in the picosecond range.
Moreover, at these temperatures, the emission of trapped
carriers is no longer a device limitation. Indeed, the time
constant due to the charging of the device capacitance C
through the bulk resistance becomes preponderant, i.e.,
R,C>>e; .

At lower temperatures (T <20 K), the respective yields
from the different field-emission mechanisms change. Be-
tween 10 and 15 K, phonon-assisted tunneling should be-
come predominant over most of the electric-field range
(0.5—4 V/um). At even lower temperature (7 <10 K),
pure tunneling is the only effective mechanism: Emission
can be observed only for a high electric field
(F>2 V/um). Since, for these temperatures, the de-
pletion layer expands over the whole sample thickness at
time ¢t =07, this effect can be obtained only in thin bulk
devices, as observed by Banavar et al.! in p-i-n diodes,
for instance.

Another consequence of such low temperatures is that
the semiconductor goes into an insulating state
(p>10"° Qcm below 14 K in sample N1). Transient
currents can no longer be described using our model. The
formalism of charge emission and transport in insulators
must then be used, involving considerable deviation from
Ohm’s law.!®!7 This explains the difficulty of other au-
thors to account for their experimental results: Their in-
ves’gigated temperature range was indeed too low (10—20
K).”

As far as the electron-capture cross section on phos-
phorus is concerned, the value o, =1.3X10"1 cm? ob-
tained is more than 1 order of magnitude lower than the
values determined by Norton et al. through recombination
time measurements, i.e., 0, =4X 1072 cm? (Ref. 18) or
by Brown et al. through double injection experiments, i.e.,
0,=7X10"'2 cm? at 4 K for F=0.1 V/um.! These gi-
ant capture cross sections are accounted for by a cascade
mechanism:2° The electron is captured by the impurity on
an excited state of large radius; then a one-phonon transi-
tion to the ground state occurs. However, in our experi-
ments, these excited states have very short lifetimes, due
to the high value of the electric fields involved. In the
framework of the quasistationary perturbation theory,?!
the lifetime of the level E; =11 meV which corresponds to
the principal quantum number n =2 of phosphorus levels
is given by the tunneling probability: It decreases from a
few seconds for F=0.1 V/um down to the picosecond
range for F=0.25 V/um. Consequently, these excited
states can be considered as instantaneously destroyed by
the electric field. Only the ground state is involved in the
capture mechanism, which yields a capture cross section
in agreement with the ground-state Bohr radius.??

V. CONCLUSION

We have investigated the ionization transient currents
brought about in silicon junctions by the emission of
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trapped carriers from doping levels. The study has been
limited to temperature range in which the semiconductor
is not highly resistive so that the potential drop in the sub-
strate during the ITC will not be overwhelming. This
calls for simultaneous resistivity measurements, which
have been performed in this study. For low-enough bulk
resistivity, the ITC’s have been shown to be accurately
described by a model based on the Frenkel-Poole effect.
This fitting was not found possible using our expressions
for the other electric field effects (tunnel, phonon-assisted
tunnel). In addition the very good agreement between the
theoretical model and experimental data rules out the
presence of shallow impurity impact ionization, although
electric fields far larger than the critical field build up in
the frozen-out junctions during an ITC. In fact, under
our experimental conditions, the probability for an emit-
ted carrier to yield impact ionization throughout the
whole depleted layer is predicted to be small compared to
one. Moreover, compensation is proved to play a dom-
inant role since it dramatically enhances bulk resistivity
without significantly changing the formation kinetics of
the depletion layer. Indeed, owing to high compensation
in our Si:B samples, transient currents in n*-p diodes
could not be fitted although large electric-field-dependent
peaks were also observed. We believe that it is for this
same reason that Tewksbury? did not observe any
electric-field-dependent features in the reported current-
versus-time characteristics. This author’s measurements
were indeed performed at much lower temperature than
ours. Finally, the electron-capture cross section on phos-
phorus is found to be 0, =1.3X10~'* cm? which is the
same value as that given by Saks et al.> The difference
between our value and larger ones obtained by other au-
thors is explained by the instantaneous destruction of ex-
cited impurity states by the intense electric fields involved
in our measurements, decreasing the capture probability of
carriers on large radius orbitals.
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APPENDIX A: THREE-DIMENSIONAL
ELECTRIC FIELD EFFECTS

In this appendix, we derive the emission rate for three-
dimensional tunneling and phonon-assisted tunneling ef-
fect.

1. Tunneling effect for a Dirac well

Pure tunneling for ionization of impurity states in semi-
conductors has been calculated by Korol?®> for a one-
dimensional Dirac well (DW). We rewrite this author’s
expression in the form
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introducing the characteristic energy U,

(A2)
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As pointed out by Martin et al.,?* it is a dubious prac-
tice to use the effective-mass approximation for localized
states, however difficult this may be to avoid. At any
rate, since we are dealing with shallow levels, the
effective-mass approximation is certainly not too bad an
approach.

For comparison purposes, the different characteristic
energies, barrier lowering AE; and U are plotted in Fig. 11
as a function of the electric field. In silicon, for F=1
V/um, a typical preexponential value in (A1) is 102 s~ 1,

Let us now estimate the three-dimensional tunnel emis-
sion rate for a Dirac well. Assuming no tunnel emission
in the direction opposite to the electric field, the three-
dimensional tunnel emission rate reads, in the Eulerian re-
ferential where =0 in the electric field direction:

172
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In our specific case where E; /U >>1 (see Fig. 11), ex-
pression (A3) can be approximated by the following ex-

pression:
32 }

2. Tunneling effect for a Coulombic well
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The problem of the three-dimensional field ionization
from a Coulombic well is a classical one (see for instance
S. Chaudhuri et al.?®). However, the available expressions
for three-dimensional tunnel emission rate are somewhat
complicated and the numerical calculation for our model
needs tractable expressions. Therefore we propose in the
following a heuristic approach of this effect.

In expression (A1), the exponential factor is exactly the
transparency of a triangular barrier of height E; and base
E; /qF, using the WKB approximation. It seems therefore
legitimate to estimate the tunnel emission rate for the
Coulombic well by an equivalent expression, but with an
exponential term corresponding to the transparency of the
hyperbolic barrier defined by the Coulombic potential and
the electric field. Using this formulation, Hill gives an
approximated analytical expression of (e,l)yy for a
Coulombic well?® but the formula is rather complicated.
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FIG. 11. Plots of different characteristic energies as a func-
tion of electric field F: AE; is the barrier lowering via the
Frenkel-Poole effect and U is a characteristic energy for
phonon-assisted tunneling and pure tunneling calculations. For
comparative purposes, the impurity energy level E; for a phos-
phorus donor is also indicated.
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We have shown'? that the WKB transparency for an hy-
perbolic well can be approximated by the simple expres-
sion:

E AE,
T'wgp=exp | — ¥7a 1— I
1

In the frame of this approach, the tunnel emission
across a three-dimensional Coulombic well is then ob-
tained by replacing the transparency of the triangular bar-
rier in Eq. (A3) by the transparency of the hyperbolic bar-
rier (AS), which yields

2 372
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3. Phonon-assisted tunneling

Instead of performing an isoenergetic transition from
the impurity state to the conduction band, the electron in
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the impurity level can be excited by lattice phonons to an
energy E, closer to the conduction band, followed by tun-
neling through the hyperbolic barrier (Fig. 2). The fre-
quency of such a jump is given by

E—E

A7
T (A7)

v=elexp

and the contribution of this transition to the phonon-
assisted emission rate is therefore

, o E;—E
Vi=enexp | ———
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where kT normalizes the integral.!?
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where the second exponential term is the transparency of
the hyperbolic barrier.

This approach is somewhat different from those found
in the literature. Some authors like Lundstrém and
Svensson”’ begin the calculation assuming only isoenerget-
ic transitions from the impurity state to the conduction
band and extend their result to temperature-dependent
tunneling by multiplying the tunneling probability by an
appropriate Fermi distribution. This approach yields the
same expression, except for the preexponential term.

A third approach is an ab initio complete calculation,
taking into account multiphonon processes.®*=° For a
Dirac well, Kudzmauskas finds the same exponential fac-
tor which is, indeed, the WKB transparency of the tri-
angular well.

The calculation of the one-dimensional emission rate re-
quires an integration over energy from E =AE; to E =E;
which yields

5/3
dE

kT’

AE;

5 (A9)

The three-dimensional calculation is tedious. However, if the condition AE; /U >>1 is satisfied, the same approxima-
tion as the one used for the pure-tunneling three-dimensional calculation can be used and the actual three-dimensional

PAT rate is given by
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APPENDIX B: SHALLOW IMPURITY IMPACT
IONIZATION DURING THE DETRAPPING
TRANSIENT

Since the ionization energy of shallow impurities is in
the 40-meV range, breakdown occurs in Si at cryogenic
temperatures for electric fields of a few 100 V/cm.3!3?
This critical value is immediately reached in the space-
charge region of the diode at the beginning of the ITC so
that impact ionization may be expected to occur during
the transport of the emitted carriers through the space-
charge layer, as already mentioned in the literature.!~>

Instead of performing tedious calculations on transport
equations during the ITC we shall determine the probabil-
ity P for a carrier emitted at the semiconductor surface
(x =0) to induce impact ionization in the space-charge
layer. For this purpose, we introduce an impact ioniza-
tion mean free path A(x) which is defined as

dx

Prx yax= Ax) (B1)

Sl

(A10)

where P, , . 4. denotes the probability of one collision be-
tween x and x +dx.

If the impact process is Poissonian, which is generally
assumed, the mean free path is related to the impact ioni-
zation rate 4; through the relation’?

1

Mx)= ’
[Np—Ng(x)]5;(e)

(B2)

where G;(€)=A4,(€)/v,(€) is the mean impact ionization
cross section, and € and v; the mean carrier energy and
drift velocity, respectively. This term is obtained by
averaging the microscopic quantity o;(€) over the electron
distribution function. We have assumed a displaced
Maxwellian distribution with an electron temperature T,.
The parameters used for silicon are taken from Ref. 34.

We have used two impact ionization cross-section
models: the constant capture cross-section model of Zyl-
bersztejn,>
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and the hydrogenlike capture cross-section model of Pal-
mier,¢

0 N €<E,'
6-—E,'
E;

(B4)
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E;
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where o is the Bohr section in silicon (gp=1.2x10"1
cm?). These models have been shown to compare well
with experimental data, yielding calculated values of 4; as
a function of electric field slightly higher than the avail-
able experimental data.>*=37
For an electric field of 1000 V/cm and a neutralized
donor concentration of 10> cm~3, the impact ionization
mean free path is in the 100-um range. This large value is
explained by the ionization energy of the donors in Si,
which is larger than the mean intervalley phonon energy.
This may also explain the difficulty to obtain an
avalanche behavior for shallow impurity impact ioniza-
tion in Si samples.*®°
With these parameters, the probability P can be calcu-
lated, for each time, by
W dx
1—P=exp fo ) ], (B5)
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FIG. 12. Probability as a function of time for a carrier emit-
ted at the junction surface to yield shallow impurity impact ioni-
zation within the depletion layer. Curves I and II refer to the
constant and hydrogenlike cross-section models, respectively.
The other parameters are those of Fig. 9.

where W is the depletion-layer boundary. The result of
this calculation for the numerical example of Sec. IIIC is
shown in Fig. 12 for both cross-section models. The prob-
ability P(t) is indeed small compared to 1 and shallow im-
purity impact ionization is expected to be negligible dur-
ing the ITC process.

*Permanent address: Institut National des Sciences Appliqueés,
Batiment 502, 20 avenue Albert Einstein, F-69621 Villeur-
banne, France.
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