IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 39, NO. 7, JULY 1992

1717

Polysilicon Emitters for Bipolar Transistors:
A Review and Re-Evaluation of Theory
and Experiment
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Abstract—A critical review is presented of the theories pro-
posed in the literature to explain the current gain enhancement
of polysilicon emitter bipolar transistors. From these theories
a simplified analytical formulation is chosen which models the
blocking properties of the interface, including tunneling
through the interfacial oxide, reduced grain boundary mobility
at the polysilicon/silicon interface, and the potential barrier
created by segregated dopant, which can all give rise to an en-
hanced current gain. Also modeled are the mechanisms which
limit the extent of any gain enhancement, such as recombina-
tion in the single-crystal emitter, in the bulk of the polysilicon,
and at the polysilicon/silicon interface. This model is then ap-
plied in an original manner to a selection of experimental data
in an effort to identify the dominant current gain mechanisms
in polysilicon emitter transistors as a function of a given set of
fabrication conditions.

For devices with a deliberately grown oxide layer at the poly-
silicon/silicon interface, an oxide tunneling model can fully ex-
plain both the reduction in base current and the increase in
emitter resistance, as well as the temperature dependence of
these two quantities. For devices without a deliberately grown
interfacial oxide layer, two distinct types of behavior are ob-
served. First, for low concentrations of arsenic in the polysili-
con (< 10* ¢cm~3) and/or high anneal temperatures (= 1000°C),
recombination of carriers via interface states at the polysilicon/
silicon interface dominates the base current. This results in a
current gain which is degraded below that of an extended
emitter device. Secondly, for higher concentrations of arsenic
in the polysilicon (1-2 X 10** cm*) and anneal temperatures
around 900°C, the increased segragation of arsenic to the grain
boundaries pacifies the interface states, resulting in an en-
hancement of gain compared to that for an extended emitter
device. Pseudo-two-dimensional modeling of the discontinuous
interfacial layer in these devices is undertaken, which shows
that the base current flows primarily through those areas of the
interface that are free from oxide. The base current is therefore
controlled by the fraction of the interface which is oxide-free.

1. INTRODUCTION

INCE the discovery of polysilicon emitters in the
1970’s [1]-[3], they have moved from being a labo-
ratory curiosity to become a vital part of many high-speed
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bipolar [4], [5] and BiCMOS ([6]-[8] production pro-
cesses. The main reason for their success is that they pro-
vide a simple means of achieving the reductions in junc-
tion depth which are necessary when lateral device
geometries are scaled. This co-ordinated scaling of lateral
and vertical dimensions is important in order to provide
an emitter structure in which the peripheral component of
the emitter/base capacitance is maintained at a reasonable
level. An important feature of polysilicon emitter tech-
nology is that reduced junction depths can be obtained
without the degradation in gain which is obtained with
conventional ion-implanted emitters {9]. On the contrary,
an improvement in gain can be obtained, ranging from a
factor of 3 [9] to 30 [10], with the size of the improvement
depending upon the fabrication conditions used to pro-
duce the polysilicon emitter [11].

In spite of their widespread application, there is still
considerable controversy over the precise mechanisms
which control the current gain of a polysilicon emitter.
Three physical mechanisms have been proposed to ex-
plain the improved gains of polysilicon emitter transis-
tors. The first is termed the ‘‘oxide tunneling model’’ [3],
[12] and explains the improved gains by tunneling through
a thin oxide layer at the polysilicon/silicon interface. This
model predicts not only a reduction in base current, and
hence an improved gain, but also an increase in emitter
resistance. The second is termed the ‘‘grain boundary
mobility model’’ [9], [13], [14] and explains the im-
proved gain by reduced mobility at the grain boundaries
in the polysilicon and at the pseudo-grain boundary at the
polysilicon/silicon interface. This model predicts a reduc-
tion in base current when the density of interface states at
the grain boundaries is small, but an increase when the
interface state density is high [14]. The third is termed the
“‘segregation model’’ [15]-[17] and explains the im-
proved gain by the presence of a potential barrier at the
polysilicon/silicon interface due to the segregation of
dopant. This model predicts a reduction in base current,
with the amount of reduction depending upon the concen-
tration of segregated arsenic at the interface. However,
the ‘‘segregation model’’ predicts no change in emitter
resistance. These three mechanisms can all be described
as blocking mechanisms, since they are capable of giving
an enhancement in gain compared with comparable con-
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ventional metal-contacted bipolar transistors. In order to
fully explain the behavior of polysilicon emitters, it is
necessary to also consider mechanisms which limit the
extent of the gain improvement. These are mainly recom-
bination mechanisms and include recombination at grain
boundaries [14], recombination at the polysilicon/silicon
interface [14], and recombination in the single-crystal
emitter [18].

Since the publication of the above theoretical work, a
large amount of experimental data has been gathered [19],
which has greatly extended the understanding of the phys-
ical structure of the polysilicon emitter. High-resolution
electron microscopy has been extensively used to study
the polysilicon/silicon interface in detail, and has shown
that a thin native oxide layer is invariably present [20].
The structure of the interfacial oxide depends critically
upon the surface treatment carried out prior to polysilicon
deposition [10], [20], with oxidizing chemical treatments
giving a continuous oxide of approximately 14-A thick-
ness, and HF treatments giving a discontinuous oxide
ranging in thickness from zero to around 8 A. In oxide-
free regions of the interface, epitaxial regrowth of the
polysilicon occurs, extending typically a few hundred
Angstroms into the polysilicon. In extreme cases, com-
plete epitaxial regrowth of the polysilicon can occur [21]
leading to a device with an extended single-crystal emitter
[22]. The interfacial oxide structure also depends criti-
cally on annealing schedules [10], with oxide breakup
being more likely for higher temperatures and thinner ox-
ides.

Polysilicon emitter transistors and a variety of test
structures have been fabricated in order to assess the im-
portance of key processing parameters on the base current
[3], [91-[11], [23]-[41] and emitter resistance [29], [30],
[42]-[48], and to obtain an insight into the mechanisms
which control the device behavior. Specifically, the influ-
ence of the interface treatment [11], [45], the annealing
temperature [10], the polysilicon thickness {28}, [31],
[37], dopant segregation [24], [28], and hydrogen pas-
sivation [28], [35] have all been studied. Many of the pro-
cessing parameters have been shown to have a large influ-
ence on the device behavior, giving rise to changes in
current gain by more than an order of magnitude.

In spite of this large amount of experimental and the-
oretical work, there is still considerable controversy over
the precise mechanisms which control the base current of
a polysilicon emitter transistor. Some of this controversy
arises because of the different types of polysilicon emitter
transistors which have been studied and the different fab-
rication conditions used to produce the devices. Another
cause is the large number of competing mechanisms which
can occur at the polysilicon/silicon interface and the re-
sulting complexity of the device modeling. This paper will
address these problems by first reviewing the competing
theories for current gain enhancement, which will lead to
a simple unified model for the base current of a polysili-
con emitter transistor. The wide range of experimental
data on polysilicon emitters will then be briefly reviewed,
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and then re-assessed using this unified theory in an orig-
inal manner. This approach will allow the identification
of the mechanisms which control the current gain for a
given set of fabrication conditions.

II. Types oF PoLysiLicoN EMITTER

Several types of polysilicon emitter have been studied
in the literature, as illustrated in Fig. 1. In the first type
(Fig. 1(a)), the n* dopant is confined to the polysilicon
so that the metallurgical emitter/base junction coincides
with the polysilicon/silicon interface. This structure is
analogous to the MIS tunnel device {49], [50], and is
therefore referred to here as a SIS emitter. Very high cur-
rent gains have been reported for this structure [S1]-[53],
although the base characteristic is very nonideal, and is
often accompanied by a ‘‘kink’’ at high emitter/base volt-
ages. These disadvantages, and its poor current carrying
capability [54], make it unsuitable for realizing high-speed
circuits. This structure will therefore not be discussed in
this paper, although, it should be pointed out that SIS be-
havior can be obtained in polysilicon emitters if the
emitter/base junction is too shallow.

The second type of structure (Fig. 1(b)) is a polysilicon
emitter in which the n* dopant is diffused from the poly-
silicon into the underlying single-crystal silicon to form a
very shallow emitter/base junction. The emitter/base de-
pletion region therefore resides entirely in the single-crys-
tal silicon, which leads directly to very ideal base char-
acteristics. In order to obtain enhanced gain, the emitter/
base junction depth must be shallower than the hole dif-
fusion length in the single-crystal emitter, otherwise the
gain is dominated by recombination in the single-crystal
emitter. The crucial part of this structure is the polysili-
con/silicon interface which can have a large effect on the
base current of the transistor.

The third type of structure illustrated (Fig. 1(c)) is an
extended emitter in which the n™ polysilicon is replaced
by single-crystal silicon. This can arise in practice if com-
plete epitaxial regrowth of the polysilicon is induced dur-
ing the emitter drive-in [21], [22]. The current gain is
therefore unaffected by the interface, and hence it behaves
like a conventional bipolar transistor. For the purposes of
this paper this is a useful structure to consider, since a
comparison of the gain of a polysilicon emitter with that
of an identical extended emitter gives a measure of the
gain enhancement or reduction resulting from the pres-
ence of the polysilicon/silicon interface.

Finally, the last structure shown (Fig. 1(d)) is that of a
conventional metal-contacted emitter. In this type of de-
vice the emitter is formed by direct ion implantation into
the silicon substrate, followed by a high-temperature an-
neal which is designed to activate the emitter dopant.
When the emitter junction depth is scaled in such a device
a reduction of current gain results because the emitter is
transparent to the injected minority-carrier current [9].
This severe disadvantage precludes the use of metal-con-
tacted emitters in high-speed bipolar processes.
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Fig. 1. Schematic diagrams of (a) an SIS emitter, (b) a polysilicon emitter,
(c) an extended emitter, and (d) a metal contacted emitter.
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Emitter Emitter

III. EFFECTIVE RECOMBINATION VELOCITY

In this paper the polysilicon/silicon interface is mod-
eled by using an effective recombination velocity S,
which defines the recombination velocity at the lower side
of the polysilicon/silicon interface, as shown in Fig. 1(b).
In order to relate the effective recombination velocity to
the base current, it is necessary to model recombination
in the single-crystal emitter region. For a shallow emitter
which is quasi-transparent, the base current can be mod-
eled using the approach of del Alamo er al. [18]

2
qnie

J =
8o Ges(Wg) + Nper(Wg) /S,

. {1 + SWE Gest(Wg) — Geff(x)dx
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where G, is the effective emitter Gummel number, Np ¢
is the “‘effective’’ doping concentration in the emitter, 7,
is the hole lifetime in the emitter, while x = 0 is defined
to be the edge of the emitter/base depletion region, and
x = W is the position of the polysilicon/silicon interface.

The term is brackets in (1) represents a first-order cor-
rection for recombination in the single-crystal emitter, al-
though, for the vast majority of devices analyzed in this
paper recombination in the single-crystal emitter is neg-
ligible. The only notable exception to this is for devices
with thick interfacial oxide layers. In order to calculate
predicted values of base current to compare with reported
experimental values in the literature, (1) is used together
with measured emitter profiles, where available. In cases
where the emitter profile is not given, a Gaussian profile
is assumed in the single-crystal emitter, the Gaussian
being constructed using estimates of the emitter/base
junction depth and the doping concentration at the inter-
face.

IV. CURRENT GAIN THEORIES

The general model to be used in this study to calculate
the effective recombination velocity §, follows from the
unified model of Yu er al. [14], and is shown schemati-
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cally in Fig. 1(b). It is assumed that the polysilicon layer
consists of only one crystalline grain separated from the
monosilicon substrate by an interfacial region of finite
thickness, which will be described in detail further on. A
density of interface traps is also assumed to exist at the
two interfaces between the interface region and the poly-
silicon grain and the monosilicon substrate.

The effective recombination velocity S, can be ex-

pressed as [14]
PPN S U
po Took  Si+ S,

where §; models the recombination of minority carriers
via traps at the interface, and is given by

Si = 5Nyl 3)

and N, is the total density of interface traps per unit area,
cp is the capture cross section, and vy, is the thermal ve-
locity. The factor of 1/2 arises in (3) from interface traps
being equally distributed between the upper and lower
sides of the interface.

The parameter S, describes the recombination of mi-
nority carriers in the bulk of the polysilicon grain, and is
given by [14]

b2
- &
Se =4 s, @)
where

a, = & coth ﬁ

¢ L, L,

D W,
b, = — csch (—p> 5)

: L, L,

D, and L, are the diffusivity and diffusion length, respec-
tively, of minority carriers in the grain, S;, is the effective
recombination velocity at the metal contact, and W, is the
polysilicon thickness.

The term Ty in (2) describes the blocking action of
the polysilicon/silicon interface, and the expression used
to calculate Ty, is determined by the dominating mech-
anism. The three competing mechanisms are tunneling,
reduced mobility in the pseudo-grain boundary at the in-
terface, and thermionic emission over a segregation bar-
rier. These will now each be considered in turn.

The oxide tunneling model was first -proposed by de
Graaff et al. [3], and later modified by Eltoukhy er al.
[12]. The model assumes that a thin tunneling oxide is
present at the polysilicon/silicon interface. Holes injected
from the base into the emitter are forced to tunnel through
the interfacial oxide layer, thereby blocking minority car-
rier flow into the polysilicon and hence producing a re-
duction in base current. The expression that will be used
for Tyocx in the oxide tunneling model is summarized in
Table I. Similarly, the majority-carrier electrons which
flow from the polysilicon into the silicon must also tunnel
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TABLE 1
ANALYTICAL EXPRESSIONS USED FOR Tyjoci IN THE THREE BLOCKING
MECHANISMS IN THIS STUDY

(by = 478 /hN2m x;, ¢, = 278 /hN2m] /x4, x5 is the barrier height to
holes, m,’," is the effective mass of holes in silicon, m* is the effective mass
of holes in the oxide, 8 is the interfacial oxide thickness, ,,, is the minority-
carrier mobility in the pseudo-grain boundary, A is the thickness of the
pseudo-grain boundary, N is the electrically active doping density in the
emitter, and Ny, is the electrically active doping density of segregated
dopant at the interface.)

Blocking Model Expression Used for Tyo

kT exp (—by)
Thioek = *
2mm, 1 — c,kT

kT Ppgb
ook = —

A

kT
Toor =
block 27|_m;:<

through the oxide. This limits the maximum current car-
rying capability of the device, since it gives rise to a series
emitter resistance [43]-[45].

The grain boundary mobility model was first proposed
by Ning ez al. [9], who used it to explain electrical results
obtained on transistors with conventional implanted
emitters on top of which a layer of arsenic in situ doped
polysilicon was deposited. A gain enhancement of a fac-
tor of 3 was achieved for the polysilicon emitters, com-
pared to conventional metal-contacted emitters, which was
attributed to a lower minority-carrier mobility in the poly-
silicon, when compared to single-crystal silicon. Eltou-
khy er al. [13] extended the above simple two-region
model to take into account the effect of grain boundaries
on the minority carriers, which they assumed were infi-
nitely thin, and characterized by a large concentration of
interface states. Alternatively, Yu ef al. [14] modeled the
grain boundaries by assuming that they have a finite thick-
ness, in which the minority-carrier mobility is reduced
with respect to that in the bulk of the grain. Recombina-
tion is assumed to occur only at the interface between the
grain and grain boundary, but not actually in the grain
boundary. Furthermore, recombination at the polysilicon/
silicon interface was also modeled. The grain boundaries
can effect minority-carrier transport in two ways. First, if
the density of interface states is large enough (>10"
em™?) then they will act as efficient recombination cen-
ters, and no improvement in current gain will result over
that for a metal-contacted emitter. However, for low
densities of interface states (< 10'? cm™2), recombination
at the grain boundary interface becomes negligible, and
the minority-carrier transport is dominated by the reduced
carrier mobility in the grain boundaries. This has the
overall effect of lowering the minority-carrier mobility in
the polysilicon layer, and so reducing the base current.

In this paper the polysilicon layer is assumed to consist
of only one crystalline grain, although the disordered in-
terfacial region will be treated as a pseudo-grain boundary

(©)

Oxide tunneling model
Pseudo grain-boundary mobility model

@)

Ne
Ny

Segregation model 8)
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with a corresponding reduction in carrier mobility. This
model will be termed the ‘‘pseudo-grain boundary mo-
bility model,’’ and the expression used for the blocking
recombination velocity Ty is summarized in Table I. A
value for the pseudo-grain boundary thickness A will be
chosen as 7 A [55], which is consistent with the approx-
imate thickness of a grain boundary in the bulk of the
polysilicon. Typical values for the minority-carrier mo-
bility in the pseudo-grain boundary u,., can be several
orders of magnitude less than the hole mobility in single-
crystal silicon [56].

The segregation model was proposed by Ng et al. [15]
to explain the observation that the current gain of poly-
silicon emitter transistors is dependent upon the amount
of arsenic which segregates to the interface [24], [28].
Typically, the concentration of arsenic at the polysilicon/
silicon interface can be a factor of two or three larger than
the concentration of arsenic in the bulk of the grains. Ng
et al. [15] argued that if the segregated arsenic is electri-
cally active then this could form a low-high-low barrier,
although the model will not predict any increase in emitter
resistance. The expression that will be used for Tiy in
the segregation model is summarized in Table I [15].

It should be pointed out that the doping densities in (8)
(see Table I) should strictly be effective doping densities,
which include the effects of bandgap narrowing [57].
Since effective doping densities tend to saturate to a con-
stant value as the doping concentration increases [58], this
implies that the segregation barrier will be smaller than
predicted in [15]. For example, for this mechanism to
dominate the base current, the barrier created by the seg-
regated dopant must be greater than about 2kT. For a typ-
ical emitter doping concentration of 10%° cm 3, this means
that the segregated doping concentration must be greater
than around 8 x 10%° cm™ if the electrically active ar-
senic concentration is used, or greater than 102-10** cm ™3
if the effective doping concentration is used.

In order to obtain accurate predictions of effective re-
combination velocity and base current from doping pro-
files, it is necessary to take into account heavy doping
effects, which influence parameters such as hole lifetime
7,, hole mobility y,,, and bandgap narrowing A E¢™. Values
for these parameters, as a function of doping, are taken
from the work of del Alamo et al. [58]. Finally, it is nec-
essary to assume values for some parameters for which
measured values are not available. These are summarized
in Table 11, and the given values have been used through-
out this paper unless otherwise stated.

V. EXPERIMENTAL RESULTS

Over the past ten years or so, a considerable amount of
experimental results on polysilicon emitter transistors
have been published in the literature [19]. In this section,
approximately eight or so key papers have been chosen
which are representative of a broad cross section of im-
portant experimental results. The results of these papers
will be quoted in the form of raw experimental data (for
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TABLE II
PARAMETER VALUES USED IN THIS STUDY

Parameter Value Reference

Hole effective mass in silicon (m) 0.66m, [12]
Hole effective mass in the interfacial

oxide layer (m) 0.42m, [12}
Interface trap capture cross section

X thermal velocity (c, v,) 2x10%cm® + 57! [54]
Grain boundary thickness (A) 7A [55]
Recombination velocity at metal

contact (S,,) 10°cm - 57! [14]

example, measured current densities and resistances,
etc.), and then all subsequent modeling will be performed
in an original manner using the simplified analytical equa-
tions outlined in Section IV. This will allow a consistent
comparison to be made between the predictions of the
three blocking mechanisms and the reported experimental
results.

A. Devices with Interfacial Oxides

1) Effect of an Interface Anneal: The analysis will be-
gin by considering experimental results from devices with
an interfacial oxide layer, which is generally grown using
an oxidizing chemical treatment. It has been well docu-
mented in the literature that such an interface treatment
gives a significant improvement in the current gain. For
example, Ashburn er al. [11] have shown that devices
given an RCA clean prior to polysilicon deposition had
gains five times higher than those given an HF etch. A
more detailed characterization of the influence of the in-
terfacial oxide on the current gain was carried out by Wol-
stenholme et al. [10]. In this experiment, an interface an-
neal was carried out after polysilicon deposition, but prior
to emitter implant, to thermally stress the interfacial ox-
ide. In this way, a range of interfacial oxide structures
was obtained without significantly altering the emitter and
base doping profiles. The results are shown in Fig. 2 for
devices given an RCA clean prior to polysilicon deposi-
tion. It is evident that a factor of 100 increase in base
current is obtained as the temperature of the interface an-
neal is increased from 800 to 1100°C. These electrical
results were correlated with high-resolution TEM obser-
vations of the polysilicon/silicon interface which showed
that an interfacial oxide was present, which broke up by
increasing amounts as the interface anneal temperature
was increased.

High-resolution TEM showed that for interface anneal
temperatures of 900°C or below, the interfacial oxide was
continuous and uniform, with a thickness of 14 + 2 A.
It is therefore possible to apply the oxide tunneling model
unambiguously to these results. Fig. 2 shows the modeled
values of base current (using (6) of Table I and the param-
eters in Table II) for different values of oxide barrier
height, assuming that the devices are tunneling-domi-
nated (i.e., S; = 0 and Ty << §,). It is evident that
these devices can be modeled by an oxide barrier height
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Fig. 2. Experimental data of Wolstenholme er al. [10] showing base sat-
uration current as a function of interface anneal for devices with a delib-
erately grown interfacial oxide layer. The base current has been modeled
by assuming that the dominant blocking mechanism is tunneling through
the interfacial oxide layer (i.e., oxide tunneling model with 6 = 14 A, and
§; = 0). Also shown is the modeled base current using the extended emitter
model (Tyy,cxk = %, and §; = 0).

of 1.0 eV. Also modeled in Fig. 2 is the base current of
an extended emitter device, in which no blocking or re-
combination at the interface is assumed to occur (i.e.,
Toiock = ©© and S; = 0). As can be seen, a good fit to the
1100°C interface anneal device is achieved, which im-
plies that the interface has no effect on the base current of
this device. This conclusion is consistent with the TEM
analysis, which showed that the interfacial oxide had
completely ‘‘balled-up,’” such that 97% of the interface
was oxide-free. These experimental results show that the
interfacial oxide plays a doiminant role in controlling the
current gain of polysilicon emitter transistors with delib-
erately grown interfacial oxide layers.

Rutherford backscattering (RBS) analysis has been
used by Wolstenholme [57] to investigate the distribution
of arsenic at the interface for the devices reported in Fig.
2. The results of this analysis are shown in Fig. 3, and
indicate that the concentration of arsenic at the polysili-
con/silicon interface remains unchanged for interface an-
neals up to a temperature of 1000°C. Applying the seg-
regation model to the barriers produced in Fig. 3 for the
RCA control device, produces a blocking recombination
velocity of either 7.9 X 10* cm - s™' (no bandgap nar-
rowing), or 1.2 X 10° cm - s7! (with bandgap narrow-
ing). This compares with an extracted Ty, of 3.2 x 10°
cm - s~ ! for the control device in Fig. 2, which therefore
implies that the segregation model cannot explain the ex-
perimental results in either Figs. 2 or 3.

2) Temperature Dependence of Current Gain: Further
evidence supporting the oxide tunneling model is obtained
from measurements of the temperature dependence of cur-
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Fig. 3. Experimental data of Wolstenholme [57] showing Rutherford back-
scattering (RBS) arsenic profiles of the polysilicon/silicon interface for de-
vices with a deliberately grown interfacial layer, subjected to various in-
terface anneals.

rent gain. Several authors {2], [3], {11] have reported that
polysilicon emitter transistors with a chemically grown
interfacial oxide have a gain which varies less strongly
with temperature than observed for conventional metal-
contacted transistors. Fig. 4 shows the current gain, as a
function of inverse temperature, from the work of Graul
et al. [2], de Graaff et al. [3], and Ashburn er al. [11].
Also shown in Fig. 4 is the temperature dependence of
current gain for a conventional metal-contacted transistor
(whereby the temperature dependence of the current gain
is determined by the difference in bandgap narrowing in
the base and emitter). It can be seen, especially for tem-
peratures above 300 K, that the current gain becomes less
sensitive to temperature than in conventional metal-con-
tacted transistors. In fact, the results from de Graaff ez al.
[3] even show a negative temperature coefficient. Ash-
burn et al. [11] modeled the temperature dependence of
gain, and showed that the oxide tunneling model could
explain the observed results for the whole temperature
range in Fig. 4.

3) Emitter Resistance: The presence of a deliberately
grown oxide layer at the polysilicon/silicon interface has
been shown to block majority-carrier flow, leading to an
increase in emitter resistance [43]-[45]. Measurements of
specific interfacial resistivity for devices with deliberately
grown interfacial oxide layers typically range from 200 to
500 @ - umz [43]-[45]. This compares with generally far
lower values of 10 to 200 Q - um? [29], [43], [45] for
devices without deliberately grown interfacial oxide lay-
ers. By applying the oxide tunneling model to the devices
with interfacial layers, assuming an average oxide thick-
ness of 14 A [10] and an electrically active polysilicon
doping level of 5 X 10" em™2 [10], implies a barrier
height to electrons of around 0.3 eV (using the analytical
expression for emitter resistance derived in [30]). Com-
paring this value with the barrier height for holes, which
is around 1 eV (Fig. 2), it can be clearly seen that there
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Fig. 4. Experimental data of Graul er al. [2], de Graaff et al. [3], and
Ashbum er af. [11] showing current gain as a function of inverse temper-
ature for devices with a deliberately grown interfacial oxide layer. It can
be clearly seen that the temperature dependence of current gain is less than
that for a conventional metal-contacted bipolar transistor, whereby the tem-
perature dependence is attributed to the difference in bandgap narrowing
between the base and emitter.

exists an asymmetry in oxide barrier heights for electrons
and holes.

Wolstenholme et al. [45] have performed experiments
on the ‘‘balling-up’’ of the interfacial oxide from inter-
face anneals, and then correlated this with measurements
of emitter resistance, as shown in Fig. 5. Also shown in
Fig. 5 are the base current data from Fig. 2. Some im-
portant differences can be seen in the variation of the base
current and emitter resistance with interface anneal tem-
perature. Most notable is a substantial reduction in emit-
ter resistance for the device given a 900°C interface an-
neal, compared to the control device, even though the
TEM analysis showed that the interfacial layer for both
devices was continuous and unbroken. Two-dimensional
modeling by Hamel er al. [59], as shown in Fig. 6, has
recently shown that this result can be explained if a lim-
ited number of widely spaced small gaps in the oxide layer
are produced in the 900°C interface anneal, even though
nearly 99% of the oxide remains continuous (and so there-
fore these gaps would be difficult to observe by TEM).
Since a large proportion of the interface remains intact, a
reduction in base current is still obtained, as observed in
Fig. 2. These results show that it is possible to produce a
device with both a high gain and a low emitter resistance
[60].

Measurement and modeling of the temperature depen-
dence of emitter resistance for devices with deliberately
grown interfacial oxide layers has been conducted by
Yung er al. [46]. They found that the oxide tunneling
model could fit the observed temperature dependence, al-
though the shape of the tunneling barrier had to be
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Fig. 5. Experimental data of Wolstenholme er al. [10], [45] showing the
specific emitter resistivity and base saturation current as a function of in-
terface anneal temperature for devices with a deliberately grown interfacial
oxide layer.
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Fig. 6. Modeled specific emitter resistivity as a function of the percentage
of the interface which is oxide-free for a device with a HF interfacial treat-
ment, from the work of Hamel et al. [59]. It can be clearly seen that not
only the amount of oxide, but its distribution along the interface can dra-
matically effect the emitter resistance.

changed from rectangular to triangular. Yung et al. [46]
speculated that dopant pileup at the interface was the
physical cause of this change in barrier shape.

4) p-n-p Polysilicon Emitter Transistors: As an aid to
understanding the physics of polysilicon emitter transis-
tors it is worthwhile here to examine the experimental re-
sults from p-n-p polysilicon emitter transistors [61]-[63].
The extracted values of barrier height (x, = 1.0 eV and
X. = 0.3 eV) from measurements on n-p-n polysilicon
emitter transistors imply that p-n-p transistors should have
a high emitter resistance and a small gain improvement.
In practice, however, this is found not to be the case. Re-
ported values of current gains for p-n-p polysilicon
emitter transistors with deliberately grown interfacial ox-
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ide layers, are between a factor of 2 [61] and 10 [63] times
higher than for devices without a deliberately grown in-
terfacial layer. Furthermore, the emitter resistance of
p-n-p polysilicon emitter transistors, with an interfacial
oxide layer, are only approximately a factor of 2-3 [61]-
[63] higher than for the corresponding devices without a
deliberately grown interfacial layer. If the oxide tunneling
model is used to extract oxide barrier heights to holes and
electrons, the values of barrier height of x;, = 0.3 eV and
X. = 1.0 eV [63] are seen to be inconsistent with those
obtained from measurments on n-p-n transistors. Further
work is therefore needed on the oxide tunneling model to
explain this discrepancy.

B. Devices Without an Interfacial Oxide Layer

For commercial applications, devices without a delib-
erately grown interfacial oxide layer are generally pre-
ferred because of the emitter resistance problem described
above. However, it should be pointed out that an inter-
facial layer is invariably present at the polysilicon/silicon
interface, even in devices given an HF etch prior to poly-
silicon deposition [10].

1) Segregation of Dopant to the Interface: Confirma-
tion of the role of the interface in controlling the gain
comes from the work of Neugroschel ez al. [24], who have
fabricated bilayer polysilicon diodes by first depositing
undoped polysilicon and then capping the device with in
situ arsenic-doped polysilicon. Drive-in conditions were
carefully chosen so that the amount of arsenic segregated
to the polysilicon/silicon interface could be varied. A long
low-temperature drive-in (e.g., 64 h at 800°C) was used
to preferentially diffuse the arsenic along the grain bound-
aries, and dope the grain boundaries and interface to a
concentration of around 5 x 10%° cm 3. However, the
temperature of the drive-in was not high enough to diffuse
arsenic into the bulk of the grains [64], which remained
at a low concentration of <10'® cm™>. This device was
then compared to both an unannealed bilayer device (with
a low arsenic concentration of <10'® cm™ in the grains
and at the interface), and to a control device with a single
in situ doped polysilicon layer (with an arsenic concen-
tration of ~10?' cm™* at the interface and around 5 X
10%° cm™? in the grains).

Fig. 7 shows the current-voltage characteristics for the
annealed and unannealed bilayer devices, and the in situ
doped monolayer polysilicon control device. Also shown
is the characteristic for a metal-contacted control with no
polysilicon layer. It can be seen from Fig. 7 that the cur-
rent from the annealed bilayer device is nearly identical
to the monolayer control. However, these two devices
have different doping concentrations in the bulk polysili-
con (~10®% cm™ and 5 x 10%° cm ™3, respectively), but
have similar concentrations of arsenic at the polysilicon/
silicon interface (5 X 10°°-10%' cm ™). It can thus be con-
cluded that the concentration of arsenic at the polysilicon/
silicon interface is important in controlling the hole cur-
rent. In addition, the hole current from the metal-con-
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Fig. 7. Current-voltage characteristics of the diodes as analyzed by Neu-
groschel et al. {24]. The devices shown are the metal-contacted control,
the single-layer polysilicon control, and the annealed and unannealed bi-
layer devices.

tacted control is almost identical to that of devices with
low arsenic concentrations at the interface, which implies
the density of interface states is so large as to recombine
all the minority holes at the interface. An interface state
density of 6 X 10'* cm ™2 can be calculated by using (1),
assuming that the hole current is entirely dominated by
recombination at the interface (i.e., Ty, = °°, and S,
>> §, so that S, = 2.5, in (2)).

For the devices with a high arsenic concentration at the
interface, a dramatic reduction of hole current by a factor
of 600 is obtained. Assuming that the hole current is again
dominated by recombination at the interface (T = 0,
so that S, = S, in (2)) then an upper limit of 2 X 10"
cm™? can be obtained for the interface state density. The
increase of segregated arsenic from 10'® to 5 x 10 ¢cm ™3
at the interface has therefore reduced the interface state
density by over a factor of 3000.

The above results demonstrate the importance of re-
combination via states at the polysilicon/silicon interface,
and also its relationship to the segregated arsenic concen-
tration. Patton er al. [28] have also shown that recombi-
nation at the interface cannot be ignored, particularly
when the doping concentration in the polysilicon is low.
Fig. 8 shows the measured base current as a function of
polysilicon doping level for various emitter drive-in con-
ditions. Nearly all the devices have large base currents at
low polysilicon doping levels (3 x 10'° cm™>), which fall
to minimum values around 1-2 x 10%° ¢cm™> and then rise
for increased doping levels up to 5 x 10%° cm™. Also
shown in Fig. 8 is the modeled base current from the ex-
tended emitter model (i.e., Ty,cx = % and §; = 0, so that
§, = S, in (2)), which can qualitatively explain the in-
crease in base current at high values of doping (2-5 X
10%° cm ™) by increased Auger recombination in the bulk
polysilicon. However, the extended emitter model cannot
explain either the sharp increase in base current at the low
polysilicon doping levels of 3 x 10" cm™2, or the reduc-
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Fig. 8. Experimental data of Patton er al. [28] showing base saturation
current as a function of arsenic concentration in the polysilicon for various
emitter anneals. Also shown is the modeled base current as a function of
Auger coefficient in the polysilicon, assuming that no blocking or recom-
bination mechanisms exists at the interface (i.c.. the extended emitter model
with Tyoe = . S; = 0). The polysilicon is assumed to be 40% electrically
active and consisting of only one crystalline grain.

tion in base current for the devices annealed at 900°C for
1 h. It can therefore be concluded that a recombination
mechanism is dominating at low polysilicon doping lev-
els, while a blocking mechanism is dominating the 900°C
1-h devices.

Fig. 9 shows the modeled values of base current as a
function polysilicon doping for various interface state
densities, assuming no blocking action at the interface
(i.e., Tyioek = 0, so that §, = 25, + S, from (2)). The
case for N, = 0 is that for the extended emitter model
(i.e., S, = §,). The modeling clearly demonstrates that a
constant value of interface state dénsity cannot model the
base current, especially at low arsenic concentrations.
Patton et al. [28] argued that the arsenic segregation could
lower the trap density at the interface. Fig. 10 models the
base current of the device annealed at 950°C for 1 h, by
the combined contribution of recombination via interface
states (for interface densities as a function of arsenic con-
centration) and minority-carrier transport in the bulk
polysilicon (assuming no blocking action at the interface,
i.e., Tyoek = ). A reasonable fit to the measured base
current can result, if it is assumed that the interface state
density reduces from 2 X 10" to 1.4 x 10" cm™2, as the
arsenic concentration increases from 3 X 10" to 2 x 10%°
em”3,

Fig. 11 shows the fitted interface state density, as a
function of polysilicon doping, for all the drive-in con-
ditions in Fig. 9. Also shown are the modeled results from
Neugroschel et al. [24], who used low-temperature drive-
ins of 800°C, and the modeled results from Meister et al.
[37] who used rapid thermal annealing at 1050°C. The
most immediate trend visible is that of a dramatic reduc-
tion in interface state density for increases in arsenic con-
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Fig. 10. Experimental data of Patton er al. [28] showing base saturation
current as a function of arsenic concentration in the polysilicon for an
emitter anneal of 950°C for 1 h. Also shown is the modeled base current
as a function of interface state density, assuming that the interface state
density varies with arsenic concentration in the polysilicon. No blocking
action is assumed to occur at the interface (i.e., Ty, = ), and the poly-
silicon is assumed to be 40% electrically active.

centration from 3 X 10' to 10?° cm 3. This behavior can
be explained by the passivation of the interface states due
to segregation of arsenic to the interface. There is, how-
ever, a second trend in the results of Fig. 11, which re-
veals that in most cases the largest interface state densities
are obtained for the highest anneal temperatures. This re-
sult is consistent with the findings of Mandurah er al. [65],
who found that arsenic segregation to grain boundaries
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Fig. 11. Modeled interface state density as a function of arsenic concen-
tration in the polysilicon, and polysilicon anneal, for devices with no de-
liberately grown interfacial oxide layers. Experimental data are from Pat-
ton et al. [28], Neugroschel et al. [24], and Meister er al. [37].

increases as the anneal temperature is reduced. If it is as-
sumed that the segregation properties of grain boundaries
are similar to those for the pseudo-grain boundary at the
polysilicon/silicon interface, then this can explain the re-
duction of interface state density with anneal temperature.

Turning now to the 900°C device annealed for 1 h, the
base current shows a reduction by a factor of 2.5 (for
polysilicon doping concentrations of 1-2 X 10* cm™)
from the extended emitter model (Fig. 8), which suggests
that a blocking mechanism at the interface is controlling
the base current. Fig. 12 shows the experimental data and
the modeled base current as a function of the effective
recombination velocity §,. An effective recombination ve-
locity of 2.7 X 10* cm - s~! can be fitted to the base
current for polysilicon concentrations of 1-2 X 10% cm ™,
Assuming that the effective recombination velocity is
dominated by a blocking mechanism at the interface (i.e.,
§; = 0and Ty << S,), then the pseudo-grain boundary
mobility model can be used to model this fitted value of
recombination velocity. This results in a minority hole
interface mobility g, of 0.1 cm® - V7' - s7' which is
a reduction in hole mobility by a factor of 1500 compared
with the mobility in the bulk emitter.

The segregation mode! predicts a barrier to minority
carriers of around 0.9 k7 (using the SIMS analysis in [28])
for the devices annealed at 1000°C, if the segregated ar-
senic at the interface is electrically active. Assuming a
similar barrier exists for devices annealed at 900°C, then
this barrier yields a recombination velocity of 7.5 x 10°
em - s”' (no bandgap narrowing), or 8.1 X 10*cm - s~'
(with bandgap narrowing). These values of blocking re-
combination velocity are clearly too large to model the
extracted recombination velocity, and so the segregation
model cannot account for the reduction in base current in
Fig. 12.
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Fig. 12. Experimental data of Patton et al. [28] showing base saturation
current as a function of arsenic concentration in the polysilicon for an
emitter anneal of 900°C for 1 h. Also shown is the modeled base current
as a function of the effective recombination velocity (S,), and the modeled
base current using the extended emitter model (i.e., with T, = o and
S; = 0). The polysilicon is assumed to be 10% electrically active.

2) Polysilicon Thinning: The influence of the polysil-
icon layer on the current gain has been studied by several
authors [28], [37] who have made measurements on poly-
silicon emitter transistors in which the polysilicon layer
has been thinned after the emitter drive-in. The results of
Meister et al. [37] are typical and are shown in Fig. 13.
It can be seen that the base current remains constant down
to a thickness of less than 10 nm, which shows that the
base current is dominated by the blocking/recombination
properties of the polysilicon/silicon interface, even in de-
vices without a deliberately grown interfacial oxide layer.
Also shown in Fig. 13 is the modeled base currents as a
function of polysilicon thickness. Equation [1] was used
to convert the modeled effective recombination velocity
into a base current, and the emitter Gummel number was
extracted from the metal contacted control. The device
was first modeled by the extended emitter model (i.e.,
curve 1 with T, = o and S; = 0), and as can be clearly
seen it is impossible to model both the metal-contacted
control and the variation of base current with polysilicon
thickness. Decreasing Ty 10 5 X 10° cm - s~ (curve
2, with §; = 0) enables the base current of the metal-
contacted control and the polysilicon emitter device with
an emitter thickness of 90 nm to be both modeled. How-
ever, for polysilicon thickness between 0 and 90 nm the
model cannot be fitted to the base current. Further reduc-
tions in Ty to 1 X 10° cm - s7' (curve 3), allows the
constant base current with polysilicon thickness to be
modeled, but at the expense of being unable to model the
absolute value of base current. The only way to remedy
this situation is for the interface state recombination ve-
locity (S;) to take values other than zero. Curve 4 in Fig.
13 shows that an excellent fit to the experimental data can
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Fig. 13. Experimental data of Meister e al. |37] showing base current (V)
= 0.66 V and A, = 15.5 X 15.5 pm’) as a function of polysilicon thick-
ness. Also shown is a metal-contacted control with zero polysilicon thick-
ness. The modeled base current is shown as a function of interface state
density and blocking recombination velocity. Also shown is the modeled
base current using the extended emitter model (i.e., Ty, = . 5, = 0).
S, is taken to be equal to infinity, and §, is a function of polysilicon thick-
ness.

be made with Ty, < 10°cm - s™', and §; = 1.3 X 10°
cm - 57!, which corresponds to an interface state density
which must be greater than 1.3 X 10" cm™2.

3) Temperature Dependence of Current Gain: The
temperature dependence of the current gain for devices
without a deliberately grown interfacial layer has been ex-
perimentally measured by Ashburn er al. [11], and is
shown in Fig. 14(a) and (b). They found that the temper-
ature sensitivity of the current gain was greater than that
of conventional metal-contacted transistors, especially at
higher temperatures. This temperature dependence differs
markedly to that of devices with deliberately grown inter-
facial oxide layers (i.e., dominated by tunneling), which
show a far lower temperature sensitivity at higher tem-
peratures. Fig. 14(a) shows the experimental data of Ash-
burn et al. [11], as well as the modeled current gain using
the oxide tunneling model. 1t is clear that the model can-
not explain the observed temperature dependence (espe-
cially at higher temperatures), and so it can be concluded
tunneling is not the dominant mechanism in devices with-
out deliberately grown interfacial oxide layers.

Fig. 14(b) shows the experimental data of Ashburn ez
al. [11], as well as the modeled current gain using the
pseudo-grain boundary mobility model. If it is assumed
that the interface hole mobility is temperature-indepen-
dent, then the temperature dependence of the current gain
is controlled by the difference in the bandgap narrowing
between the base and emitter, as in a conventional metal-
contacted device (shown as the n = O curve in Fig. 14(b)).
However, a fit cannot be made to the measured current
gain, which implies that the hole mobility must be tem-
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Fig. 14. (a) Experimental data of Ashburn e al. [11] showing current gain
as a function of inverse temperature for devices without a deliberately grown
interfacial oxide layer. Also shown is the modeled base current. using the
oxide tunneling model (assuming §;, = 0, and T, << §,). as a function
of the parameter ¢, (in (6)). (b) Experimental data of Ashburn et al. [11)
showing current gain as a function of inverse temperature for devices with-
out a deliberately grown interfacial oxide layer. Also shown is the modeled
base current, using the pseudo-grain boundary mobility model {assuming
§; =0, and T,,q << S,). The interface mobility (y,) is assumed to be
proportional to 77", The n = 0 case corresponds to the temperature de-
pendence of a conventional metal-contacted bipolar transistor, whereby the
temperature dependence is attributed to the difference in bandgap narrow-
ing between the base and emitter.

perature-dependent. If it is assumed that the interface hole
mobility has a dependence of the form u; = AT ™" (where
A is a temperature-independent constant), then an excel-
lent fit to the experimental data can be achieved for
n = —0.65.

4) Effect of an Interface Anneal: Wolstenholme ef al.
[10] have performed the same interface anneal experi-
ments with HF devices as with RCA devices, and the re-
sults are shown in Fig. 15. These results show that the
base current increases by a factor of 5.5 as the interface
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Fig. 15. Experimental data of Wolstenholme er al. [10] showing the base
saturation current as a function of interface anneal for devices without a
deliberately grown interfacial oxide layer. Also shown is the modeled base
current as a function of the effective recombination velocity (S,), and the
modeled base current using the extended emitter model (i.e., with Ty, =
o and §; = 0).

anneal temperature is increased from 800 to 1000°C. Also
shown in Fig. 15 is the modeled base current as a function
of effective recombination velocity S, and the modeled
base current using the extended emitter model. Transmis-
sion electron microscopy (TEM) reveals that a dip-etch in
hydrofluoric acid (HF) prior to polysilicon deposition
(which is designed to remove any interfacial oxide),
nevertheless produces a uniform oxide of approximately
4-A thickness. After typical anneals at 900°C, thermal
stressing causes the thin HF oxide to break up, leading to
a discontinuous layer varying in thickness from 0 to 8 A,
and with approximately 30% of the interface 0x1de-free.
This compares with the 1000°C interface anneal device,
in which 90% of the interface is oxide-free. These results
clearly indicate that the interfacial oxide controls the base
current in a HF device. It is tempting to conclude, there-
fore, that tunneling through the interfacial oxide is the
dominant mechanism, even in HF devices. However, as
already shown in Fig. 14(a), this conclusion is inconsis-
tent with the measured temperature dependence of the
current gain, which is markedly stronger for the HF de-
vices than for the RCA devices. In order to explain this
apparent inconsistency, it is necessary to consider how a
discontinuous interfacial oxide can be modeled in two di-
mensions.

C. Modeling a Discontinuous Interfacial Layer

Very little has been published on the two-dimensional
modeling of the polysilicon/silicon interface, although
Hamel et al. [59] have simulated the majority carrier flow
in a polysilicon emitter as a function of oxide breakup.
Their simulations revealed that the majority-carrier cur-
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rent flow had a large lateral component, which was re-
quired to explain the observed decrease in emitter resis-
tance with oxide breakup [45]. Recent attempts to model
the minority-carrier flow at the polysilicon/silicon inter-
face in two dimensions [66] have shown that the current
flow is primarily through those regions of the interface
free from oxide. Hence the lateral component of the mi-
nority-carrier flow can be largely ignored, and this is the
approach followed in this paper.

The effect of a broken up interfacial oxide layer on the
base current is modeled by assuming that the emitter can
be treated as two polysilicon emitter transistors connected
in parallel, one with an interfacial oxide layer and the
other without. The area of the interface which is oxide-
covered is denoted by A,,, and that which is oxide-free
by A,.x. Each of these areas of the interface can then be
described by an effective recombination velocity S, .,
(dominated by the oxide tunneling model) and S,,,,;, (dom-
inated by the pseudo-grain boundary mobility model). The
overall recombination velocity S, can then be calculated
as a weighted mean of these two contributions

éﬂ) + Sppgb <Anox)
Agw, Aew

where Agy is the total emitter window area. Wolsten-
holme [57] and Gold [67] have used (9) to model the base
current of polysilicon emitters as a function of the fraction
of interface which is oxide-free, and the results are shown
in Fig. 16 for devices with a deliberately grown inter-
facial oxide layer. Also shown are some of the modeled
recombination velocities from the experimental results in
Figs. 2 and 15. The value of §,, used in Fig. 16 for the
situation of no oxide breakup has been fitted from the base
current of the RCA control device. As the oxide breaks
up, high-resolution TEM has shown [10], [67] that it be-
comes thicker in some regions and thinner in others, with
the overall oxide volume remaining constant. In order to
model the tunneling current through the oxide-covered re-
gions (the first term in (9)), S, has been calculated for
each of the RCA devices, assuming an initial oxide thick-
ness of 14 A and a constant oxide volume. The result of
these calculations is shown as the dashed line in Fig. 16.
It is clear that, apart from the very early stages of oxide
breakup (A,ox /Arw < 0.1), the overall recombination ve-
locity S, is dominated by the second term in (9). This
means that the majority of the hole current in a device
with a broken up interfacial oxide flows through the ox-
ide-free regions. Thus the factor of a 100 increase in base
current of the RCA device with an interface anneal of
1100°C compared to the control (Fig. 2), can be partly
explained as simply the increase in area of those portions
of the interface which are free from oxide.

Another factor which is likely to influence S, is the epi-
taxial regrowth of the polysilicon through the holes in the
interfacial oxide [10], [67]. This regrowth is likely to af-
fect the value of the pseudo-grain boundary recombina-
tion velocity S5, since the grain boundary moves further

Sy = Spox <1 - )
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Fig. 16. Modeled recombination velocity S, as a function of the fraction
of the interfacial layer which is oxide free, for devices with a deliberately
grown interfacial oxide layer (using (9)). Also shown is a selection of the
modeled experimental base currents from Figs. 2 and 15. The modeled
recombination velocity is only strictly relevant for those devices with a
deliberately grown interfacial oxide layer (RCA). The dashed line corre-
sponds to only the first term in (9).

% of interface free from oxide

into the polysilicon as the oxide breaks up. Extra recom-
bination in the single-crystal emitter would therefore be
expected, which would be seen as an increase in Sp,,.
The effect of a change in the value of S,,,, is illustrated
in Fig. 16, whereby to model the base currents of the RCA

devices, S, has to increase from 1.6 X 10 t0 7.2 x

10* cm - s~ ! as the interface breaks up and the polysilicon
epitaxially regrows. This corresponds to an increase in
pseudo-grain boundary mobility from 0.043 to 0.195
em? - V7gTh

Turning now to the devices without deliberately grown
interfacial layers (HF devices), the modeling is somewhat
complicated since there exists no ‘‘control’” device (i.e.,
a device with a uniform 4 A oxide at the interface).
Nevertheless, if it is assumed that the value of S, ,, used
in (9) is much less than S,,,,,, then the modeled curves in
Fig. 16 are still valid for the HF devices. The difference
in recombination velocity between the control HF device
and the 1000°C interface anneal device is a factor of 5.5,
while the difference in the oxide-free area at the interface
is only a factor of 3. The fact that the base current in-
creases more than predicted by the difference in areas of
the oxide-free regions of the interface can be explained by
an increase in the value of the pseudo-grain boundary re-
combination velocity, S,,,, from 2.4 x 10% 10 4.4 x 10*
cm - s~'. This therefore corresponds to an increase in
pseudo-grain boundary mobility by a factor of only 1.8
from 0.065 to 0.12 cm® - V™! - 57!, It can therefore be
seen that the increase in base current of an HF device
subjected to an interfacial anneal is determined mostly by
the increase in the fraction of the interface which is oxide-
free, though there is also a small contribution (a factor of
1.8 compared with a factor of 3) from an increase in the

pseudo-grain boundary recombination velocity, S,,,,, due
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to the epitaxial regrowth of the polysilicon. Moreover, the

base current of the HF control device is dominated by
current flow through the gaps in the interfacial oxide, with
the result that the dominant mechanism is the reduced mi-
nority-carrier mobility at the interface, which is in agree-
ment with the temperature dependence of current gain in
Fig. 14(b).

VI. CONCLUSIONS

This paper has critically reviewed theories in the liter-
ature on the current gain enhancement of polysilicon
emitter bipolar transistors, and then applied these theories
in a consistent manner to the published experimental data.
In this way, it has been possible to identify the dominant
physical mechanisms for a given set of fabrication con-
ditions. In devices fabricated with a deliberately grown
interfacial oxide layer, tunneling through the interfacial
oxide layer can explain both the reduction in base current
and the increase in emitter resistance, as well as the tem-
perature dependence of these two quantities. In devices
fabricated without a deliberately grown interfacial oxide
layer, two distinct regions of device behavior have been
identified. First, for low concentrations of arsenic in the
polysilicon (<10% cm™) and/or high anneal tempera-
tures (> 1000°C), recombination of carriers via interface
states at the polysilicon interface dominates the base cur-
rent. This results in a current gain which is lower than
that for an extended emitter device. Secondly, for arsenic
concentrations of 1-2 X 10% cm ™2 and anneals around
900°C (as used in many commercial processes), the in-
creased segregation of arsenic to the interface pacifies the
interface states. These devices exhibit a gain enhance-
ment compared with an extended emitter device. In order
to fully explain this gain enhancement, it is necessary to
model the discontinuous interfacial oxide in two dimen-
sions. The use of a simple pseudo-two-dimensional model
shows that the oxide covered regions of the interface are
opaque to minority carriers, so that most of the current
flows through the gaps in the oxide. The base current is
therefore determined primarily by the fraction of the in-
terface which is oxide-free, and hence is very sensitive to
the detailed structure of the interfacial oxide. The domi-
nant base current mechanism is thus reduced minority-
carrier mobility in the pseudo-grain boundary at the poly-
silicon/silicon interface.
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