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Abstraet--A novel model for the I = I(V) and Qs = Qs(l) characteristics of narrow base pin diodes is 
developed. For the first time, heavy-doping effects are taken into consideration leading to a remarkable 
agreement (within 10%) with experiments carried out on S, X and K-band step-recovery diodes. 
Accordingly, the stored charge becomes an accurately predictable parameter. This paper also contributes 
to the better understanding of heavy-doping parameters in p + silicon such as deriving new values for 
minority electron mobility and analysing the recombination effects on the I-V characteristics of 
transparent and quasi-transparent p+ emitters. Somewhat surprisingly, even for 1.5/~m emitters, 
the transparent emitter model appears to provide better correlation with experiments than the quasi- 
transparent emitter one. It is found that improvement of the latter model's agreement with experiment 
asks for lower Auger coefficient values (Cp) than currently available ones. 

l. 1NTRODUCITON 

The detailed prediction of the I - V  characteristic 
and switching behaviour of narrow-base pin diodes 
is important for semiconductor device physics and 
applications in microwave switching- and step- 
recovery devices[l-3]. In the latter cases, the switch- 
ing behaviour is essential for device operation and 
design but the requirements are entirely different: for 
switching pin diodes the storage time should be made 
as short as possible, while for step recovery devices 
the storage time has to be enhanced and the transition 
time reduced. 

There is a significant difference between the switch- 
ing behaviour of narrow- and that of long base pin 
diodes (Fig. 1). In the latter, the storage and 
transition periods are comparable in duration to the 
carrier lifetime in the base. In narrow base pin diodes, 
however, the transition phase is 2-3 orders of magni- 
tude shorter than the storage phase. Due to the step 
recovery, the stored charge Qs and the storage time 
Ts are linearly related, Qs being independent on the 
magnitude of the reverse voltage pulse. 

Qs = f i  R dz ~- IRTS. 

AS a consequence, in the following analysis, it is 
more convenient to concentrate on the stored charge 
Qs, rather than on the storage time Ts. 

The paper is first involved with a new approach 
for the investigation of the I - V  characteristics. To 
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these authors' knowledge, it is the first time that 
heavy-doping effects (bandgap-narrowing, hopping 
conduction in band tails position dependent acceptor 
levels[4-6]) are included in the modelling of these 
devices. The third section presents a novel derivation 
of the stored-charge characteristics. The stored 
charge is found to be a predictable device parameter. 
It is proven that, as long as the emitter is transparent, 
the stored charge is independent of the lifetime in 
any region of the diode. This conclusion contradicts 
previous models[l,2] which claim that recombination 
in the base governs the carrier distribution and device 
operation. The latter feature is valid only in long-base 
pin diodes. Other previous treatments of the problem 
(based on the pioneering work of Moll et a/.[3]) refer 
to an artificial "effective carrier lifetime" related to 
diode geometry and impurity profile. 

The development of the present theory has, as a 
side effort, led to a revision of the minority electron 
mobility model in p + silicon. The latter is strongly 
supported by the extensive I - V  and Qs-I  measure- 
ments, described in the final section, on several types 
of narrow-base pin diodes. 

2. UNDERLYING PHYSICS 

2.1. Basic assumptions 

In narrow base (w << Ld~usion) pin diodes the electric 
field created by the majority carrier gradients in the 
close vicinity of the junction, and not the lifetime, 
plays the essential role in the determination of the 
carrier distribution and the value of the stored 
charge. Due to the thin base, the carrier profile in the 
i region is practically constant. For the same reason, 
the stored charge in the p + and n + regions can no 
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longer be neglected. Throughout the rest of this paper 
the following assumptions are considered valid: 

(a) The low-doped region operates under high 
injection level, while the high-doped regions 
function at low injection levels. 

(b) Bulk recombination is neglected in the base 
and infinite recombination velocity is assumed 
at the contacts. 

(c) The p + emitter is quasi-transparent[7] 
(d) The analysis is 1-D in space. 

These assumptions are minor restrictions for the 
real narow-base diodes. The first condition is fulfilled 
in the normal range of bias currents for these devices 
(i.e. 100 #A •. • 50 mA). The second one is insured by 
the thin base, as will be revealed by comparison with 
the results of other authors who have included bulk 
recombination in full computer simulations. Surface 
recombination, on the other hand, is less predictable 
but there appears to be a general consensus that it 
occurs with infinite velocity at ohmic contacts (this 
being the case of the devices in this study). Condition 
(c) is strictly valid for shallow emitters and its 
range of validity will be fully addressed later. The 
final assumption is typical for bulk- or interface 
perpendicular conduction devices, where 2-D effects 
are insignificant. 

2.2. H e a v y  doping ef fects  

The intensive studies carried out in the last decade 
for the investigation of carrier transport in non- 
uniform semiconductors[8-11] and the requirement 
for highly accurate models of the silicon bipolar 
transistor[7,12,13] have helped the better understand- 
ing of heavy doping effects. Even so, certain aspects 
of these phenomena are not entirely settled. More 
recent research[14,15] has experimentally revealed 
unusually low minority carrier mobilities (electrons 
and holes) in moderately and heavily doped silicon 
samples. Fossum et al.[6] have provided a phenom- 
enological minority-mobility model, based on the 
concept of hopping conduction through valence 
band tails in n + emitters, a model sustained by 
bandgap narrowing measurements. Although, to 
these authors' knowledge, no measurements have 
previously been performed on p + emitters, the same 
model is employed here in the investigation of pin 
diodes. 

The model accounts for the following heavy- 
doping-related effects: 

(i) bandgap narrowing at moderate-to-high 
impurity doping[4] 

(ii) impurity deionization via doping-dependent 
acceptor levels EA, merging into the valence 
band in the p + region[5]; 

(iii) hopping conduction in band tails leading 
to several times lower minority carrier (as 
opposed to majority carrier) mobilities[6]; 

(iv) Fermi-Dirac statistics; 
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Fig. 1. Typical switching characteristic of long base (a) and 
narrow base (b) pin diodes. 

(v) negligible influence of the degeneracy on the 
density of states in the conduction and valence 
bands, a restriction validated by experiments 
with doping levels up to 5 × 1019 cm 3 and, 
also, enforced by the lack of satisfactory 
models related to measured data[6,10]. 

2.3. The I V characteris t ic  

The experimental I V characteristic of narrow 
base pin diodes exhibits a relatively wide current 
range (between several hundred/ IA and tens of mA) 
in which the exponential term n in the expression 
I = Is e x p ( q V / n k T )  is rigorously 1 (within 0.5%). In 
this domain the epitaxial i layer operates under high 
injection but its contribution to the I - V  characteristic 
is not essential[16] because the minority carrier con- 
centration in this region is practically constant. The 
I - V  dependence is governed by the p ÷ region alone, 
which functions at low injection level and where 
the minority carrier concentration damps down to the 
equilibrium value. To prove this statement we will 
first derive the expression of the saturation current 
without taking notice of heavy-doping effects, and 
then proceed to an exhaustive treatment of the satu- 
ration current as affected by heavy-doping in the p + 
emitter. 

Referring to the structure in Fig. 2, using 
Boltzmann statistics and neglecting high doping 
effects, one has the following expressions: 

p = n i exp[ - q ( U - cpp)/k T] 

n = nl exp[q ( U - Oo)/k T] ( 1 ) 

Jn = - q l ~ , n  d U / d x  + qD ,  d n / d x  

= - qu ,n  dO, /dx .  (2) 

Since in the [ - x j ,  w - x j ]  region dOp/dx  = 0, then 
J n p / q D ,  = d ( p n ) / d x  and integrating: 

q n ~ [ e x p ( q V / k T ) -  1] 
Jn = (. ..... ,. (3) 

J p (x )  d x / D , ( x )  
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If an average diffusion coefficient is defined as: 

f _ ' ; X J p ( x ) d x ,  

/~" = , ' -  x, (4) 

f -xj p(x)  dx/D.(x)  

the electron current can be written: 

qD.n~ [exp(qV/kT) - 1] 
Jn = r , , - x ,  , (5) 

J p(x)  dx 

and, in a similar way, the hole current: 

- J P  qOpn~[exp(qV/kT)-  1], (6) 

f '-XJn(x) dx 
- x j  

eqns (5) and (6) can be recast as: 

const. Dp[exp(qV/kT) - 1] 
Jp = , (7) 

Qinj(i) + Qaop(n) 

const. D,[exp(qV/kT) - 1] 
Jn = Qinj(i) + Qaop(p) ' (8) 

where Q~nj(i) is the total charge injected in the base 
per unit area; Qaop(n) and Qdop(P) represent the 
majority carrier concentration per unit area in the 
heavily-doped regions of the device. 

Due to the narrow base: 

Qdop(P), Qdop(n)>>Qinj(i), (9) 

and since thep diffused layer is much thinner than the 
diffusion length in the substrate: 

qdop (P) << Qdop (n) = NsubLdiff(n ), 

it follows that: 

L>>J,, (lO) 

and that the current is due to only one type of 
carriers--the electrons. This feature was first pointed 
out by Nayto and colleagues[17]. Using eqn (10), the 
I - V  characteristic is recast as: 

I = qn~A [exp(qV/kT) - 1] 
(11) 

f _  p(x)  dx /D,(x)  
xJ 

Expression (11) underlines the fact that the value of 
the saturation current is set by the physics of the p + 
emitter alone. Accordingly, heavy-doping effects will 
be considered further only in this region. In addition, 
this endorses the experimental observation that the 
I - V  characteristic has the ideal Shockley exponential 
form (with n = 1). 

A conventional method[10] is used below to com- 
pute the saturation current starting from the general 
expression: 

J, = qD, dn/dx - nllnkT d[ln(n°)]/dx, (12) 
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Fig. 2. The narrow base pin diode structure and the quasi- 
Fermi potential diagram used in the calculations of this 

paper. 

in the p+ emitter, where the minority carriers 
(electrons) still obey nondegenerate statistics (i.e. 
Boltzmann). Integrating eqn (12) with the reasonable 
assumptions: 

j o = o ;  n = n , + n O ;  p = # o  (13) 

superscript "0" depicts thermal equilibrium values, 

J.(O) = J. 

= constant (transparency assumed) (14) 

n'(O) = n°(O)[exp(qV/kT) - 1], (15) 

one gets: 

n'(0) r ° J. dx 
/ (16) 

n° (-~ = J -xj qD.n°(x ) " 

Marshak and Van Vliet[10] have demonstrated 
that, as long as the space charge depletion region in 
the i layer is practically independent of the applied 
voltage (a condition always fulfilled in narrow 
base pin diodes which are punched-through), 
expression (15) is valid even in a junction with 
position-dependent bandgap. 

Combining expressions (15) and (16) one gets 
the I - V  characteristic eqn (17), whose form is 
remarkably like that given by eqn (11), arrived at in 
a different way. 

I = qA [exp(qV/kT) - 1] (17) 

'_ dx/D.(x)n°(x)  
xj 

Heavy doping effects are twice present here 
through D.(x) and n°(x) but eqn (17) requires some 
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rearrangement to make them more evident. First, we 
employ the effective intrinsic concentration[5]: 

n~e = n~ exp(AEg/kT)o~2(m)/exp(m ) (18) 

where: 

m(x)  = [Ev(x) - Ev(x)]/kT, (19) 

and nj is the intrinsic concentration in the Si base. 
After some simple algebra the I - V  and Is are recast: 

qn~A [exp(qV/kT) - 1] 
I = (20) 

f o Nv exp[m(x)] dx 
rj 

x /{D,(x) exp[AEg(x)/kT]} 

Is = qn~A 

f o Nt, exp[m(x)] dx 
x/ 

x /{D, , (x)exp[AEg(x)/kT]} (21) 

m(x)  is computed from the generalized charge 
neutrality equation 

Na(x)/{ l + 0.5 exp[(EA(x) -- Ev(x))/kT]} 

+ Nc exp[- (Ec(x)  - Ev(x)) /kT ] 

= Nd(x)/{1 + 2 exp[(Ev(x) - Eo(x))/kT]} 

+ Nv ,~t.2([ Ev (x) - Ev(x )]/k T), (22) 

in which the doping profile N a ( x ) - N d ( x )  is consid- 
ered arbitrary and position-dependent trap levels and 
bandgap (i.e. bandgap narrowing) are assumed. In 
the doping range of interest I N(x)l < 1.5 x 10 20 cm 3 
a good approximation for the Fermi integral is 
provided by: 

.~  z(m) = exp(m)/[l + 0.27 exp(m)]. (23) 

Using eqn (23) and neglecting exp(Ev-ED)<<l ,  
equation (22) becomes a 3rd degree polynomial equa- 
tion in exp(m), which is analytically solved with 
Cardan's fornmlae. (Detailed derivation for n + Si can 
be found in De Castro and Rudan's paper[18].) 

For an accurate prediction of Is, and to make diode 
design possible, the position-dependent bandgap nar- 
rowing AEg(x)  and diffusion coefficient D,(x)  must 
be precisely known. As minority carriers are nonde- 
generate, the Einstein relation D, = kTl~/q still holds. 
However, recent experiments have revealed unequal 
majority and minority carrier mobilities 
#," ¢l~[16,17], casting uncertainty on currently ac- 
cepted minority carrier mobility values. There are 
several empirical models[6,19], trying to monitor the 
mobility of holes in n ÷ Si as minority carriers. 

We have adapted Fossum et al.'s minority hole 
model[6] to describe the minority electron mobility. 
At room temperature it reduces with good 
approximation to (a complete model is given in the 
Appendix): 

~P = ~," exp(-~AEg/kT) ,  (24) 

where ~ (unknown) is a fitting parameter to be 
determined from experiments and/J," is the conven- 
tional, temperature and doping-dependent majority 
carrier mobility[20]. This model provided very good 
agreement with experimental data and appears to 
describe with reasonable accuracy the temperature 
dependence of hole mobility in n ÷ Si. As introduced 
by Fossum et al., the model could be used to deter- 
mine the shift of the valance and conduction band 
profiles due to bandgap narrowing. However, it may 
be argued that these shifts are not identical to the 
notions of band offsets as defined from the electron 
affinity rule in heterojunction theory[11,21]. Further- 
more, Fossum et al.'s is only a phenomenological 
model which has yet to be theoretically sustained. 
This should prove an interesting ground for future 
experimental and theoretical work. For the present, 
one can regard this mobility model as empirical, as all 
mobility models currently available. 

For the bandgap narrowing the well-known for- 
mula derived by Slootboom for p + silicon has been 
employed: 

AEg = 9E - 3 {ln[(Nd + Na)/lO '7] 

+ (lnZ[(Nd+Na)/lOt7]+O.5)~"}eV, (25) 

because of its good agreement with recent bandgap 
calculations and measured data[5]. 

By replicating n + silicon data[22], the acceptor 
level-doping dependence [EA(N)] is monitored with 
the following empirical expression: 

EA(X) = 0.045 

-- [O.O1258[N(x)/No] ~ ~ + 0.0031]eV (26) 

where No = 1018 cm ~. 
Expression (21), in a simpler form [N(x) constant] 

was recommended for possible use in bandgap nar- 
rowing measurements [12]. It is pointed out here that 
such measurements can be misleading unless correct 
values for Dn are considered. Measuring Is will give 
the combined D~exp(AEg/kT)  product or, to be 
more specific: (kT/q)~", exp[(1 - ~)AEg/kT],  rather 
than the habitual D", exp(AEg/kT).  Consequently, as 
recently recognised[19], one needs yet another inde- 
pendent measurement to allow for the extraction of 
both the minority mobility and bandgap narrowing. 
Otherwise, as is the case of this paper, one of these 
two heavy-doping parameters has to be assumed a 
priori known. 

2.4. I - V  model validity and limitations 

As previously stated, the most restrictive assump- 
tion in the model is the neglection of recombination 
in all device regions. To estimate the error introduced 
by such an approximation we have extended the 
saturation current expression to include the effect 
of recombination in the p + emitter, as developed by 
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Del Alamo and Swanson[7,23]. In this case, defining 
the effective Gummel factor as: 

f 
O 

Geff(x)  = Nv exp[m(x)] dx 
- x  

x /{D.(x) exp[AEg(x)/kT]}, (27) 

(28) 

the saturation current is recast to: 

/s = 

{L qn~A 1 "q- n°(x)  
.,: j 

x [Geff( - xj ) - Geff(x )] dx/z,, (x)} 

Geff( - x  j) 

where 

l / z .= l / z~o+Cpp:  

is the electron carrier lifetime in which Auger recom- 
bination (Cp = 9 x 10 32 c m 6 / s ,  .Ca 0 = 5 X 10 -4 S)[24] is 
included. 

Expression (28) (also known as the quasi- 
transparent approximation) differs from eqn (21) by 
the integral term in the numerator, hereafter called 
correction term, which represents the contribution 
due to recombination (mainly Auger type) in the 
heavily doped emitter. Numeric simulation of npn 
transistors[7,13,23] has revealed that the transparent 
model (21) undervalues while the quasi-transparent 
one overestimates the saturation current. Conse- 
quently, the maximum error introduced by eqn (21) 
is roughly half of the correction term and can be thus 
theoretically predicted. Figure 3 plots the correction 
term as a function of junction depth for diodes with 
Gaussian profiles and a fixed surface concentration 
102°cm-3. The calculations have been performed 
for two sets of minority mobility values (~t = 0 i.e. 
majority carrier value and ~ = 0.35) at 300 and 
310K. The diffusion coefficients as function of 
doping are presented in the bottom picture. The 
revised values are in reasonable agreement with those 
measured and computed for minority holes in n-type 
silicon[6]; the minority carrier mobility values are 
5 . . .  8 times lower at heavy doping. One can easily 
notice that the range of validity of the transparent 
and quasi-transparent models is quite sensitive to 
temperature and mobility coefficients and that, for 
1 #m junctions the error in the saturation current 
(attributed to recombination in the emitter), irrespec- 
tive of mobility coefficient, is at most 20%. It 
must be specified at this point that Del Alamo and 
Swanson[7] define the quasi-transparent domain 
eqn (28) as the range of emitters in which bulk 
recombination is small enough so that the trans- 
parent electron (hole) distribution is only slightly 
perturbed. Consequently, the correction terms in 
excess of 50% obtained with the quasi-transparent 
model may be inaccurate. This problem will be 
reconsidered in a later section. 
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Fig. 3. (a) A comparison of the transparent and quasi-trans- 
parent emitter models for p+ silicon as a function of 
junction depth, temperature and minority electron mobility 
model. The correction term represents the difference be- 
tween the two models. (b) Minority electron diffusion 
coefficient as a function of distance from the surface for 
¢t = 0 (usual majority electrons value) and ~t = 0.35 (pro- 
posed model) is a l #m emitter diode. The impurity charge 

profile is also plotted. 

3. PROPOSED MODEL FOR STORED 
CHARGE CALCULATION 

The Qs- I  characteristic is further derived, with 
heavy-doping effects included via the saturation cur- 
rent eqn (21). The influence of degeneracy and Auger 
recombination on minority carrier distribution in the 
base and stored charge is briefly evaluated. 

3.1. Carrier distribution during the forward conduction 
period 

We consider an impurity profile resulted from a 
shallow p + diffusion in a thin, low-doped epi-layer, 
associated with the out-diffusion from the n + 
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substrate. Its form is for the moment arbitrary; N(x) .  
The p+i junction is located in the origin and the 
surface is at x = - x j  (Fig. 2). 

In the forward conduction regime, at high injection 
levels in the base, due to quasineutrality and the 
practically constant quasi-Fermi levels, one has the 
following expressions: 

p(x )  - n(x)  - N(x)  = 0 (29) 

p(x )  = p ( O ) e x p ( - q U / k T )  (30) 

n(x)  =p(O)exp(qU/kT)  (31) 

in which p (0) is the hole concentration at the junction 
(p(0) = n(0)) and U is the electric potential. Hence; 

U = - ( k T / q ) s i n h  ~[N(x)/2p(O)] (32) 

E = (kT/q)d/dx{sinh-'[N(x)/2p(O)]} (33) 

p(x )  = p(0) exp{sinh l[N(x)/2p(O)]}, (34) 

n(x) =p(0)  exp.[-s inh J[N(x)/2p(O)]}. (35) 

The stored charge is then derived as: 

where A is the diode area and w is the thickness of 
the epitaxial layer. The problem is fully solved if the 
junction carrier concentration p(0) is determined. 
Since the i layer operates in the high injection regime, 
one has: 

p(0) 2 = n (0)-" = n~ exp(q V/kT).  (37) 

Expression (37) gives p(0) as a function of the 
terminal voltage and, since with good approximation: 

i = Is exp(qV/kT) ,  (38) 

the p(0) - I dependence is obtained: 

p(O) = ni(I/Is) j 2. (39) 

Heavy-doping effects are included in the expression 
of the junction carrier concentration p(0) via the 
saturation current Is. A more thorough derivation 
would also require the alteration of (29) to account 
for heavy-doping and deionization effects. Such a 
modification renders an analytic approach improb- 
able and is conducive to an insignificant improvement 
in accuracy. Finally, the stored charge expression is 
recast by combination of eqns (22)-(24) and (39): 

Qs = qntA (Il ls)  ~ : 

{f0 
x exp[sinh- 1(0.5 N/n,.(I/Is)l:)]d.,: 

- xp 

+ f.-xi e x p [ -  sinh-I( 0.5 N/n,.(l/ls )12] dx~. (40) 
J0 ) 
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Fig. 4. Comparison between Kurata's large signal numeric 
analysis results and our results for the "standard profile": 
(a) Kurata's standard profile; (b) Kurata's numerically 
calculated carrier distribution (I v = 20 mA); (c) our results. 

Qs (Kurata) = 592 pC; Qs (present work) - 629 pC. 

3.2. Validity of  the stored charge model 

In what regards the estimation of the stored charge, 
eqns (34) and (35) are strictly valid only in the 
base [N(x)<<2p(O)] but they still offer an excellent 
approximation for the minority carrier concentration 
in the highly doped zones of the device, excepting 
very narrow regions near the surface and the epi- 
layer/substrate interface. The low minority carrier 
concentration in these regions brings a minor con- 
tribution to the overall charge. To prove it, Fig. 4 
presents a comparison between Kurata 's  large signal 
numeric analysis[16] (which includes recombination 
throughout the diode) and present calculations. In 
our case, the carrier profiles are computed from eqns 
(34) and (35) and p(0) was determined from Kurata 's  
carrier distribution. Again, Kurata 's  p(0) was used 
to compute the stored charge [with eqns (34), (35) 
and (36)] and the latter was compared with Kurata 's  
value (Qs = IRrS ). The agreement is within 6% and 
matches the error predicted in Fig. 3 when majority 
carrier mobility values are assumed in the model. 
This confirms the assumption that the stored charge 
is independent on carrier lifetime in the narrow base. 

The neglection of heavy-doping effects in the base 
is justified by the moderate concentration of injected 
carriers (at most 10~cm -3 at bias currents up to 
20 mA) rendering Auger recombination and many- 
body effects insignificant. These effects should be 
important at higher current values, especially in small 
area diodes. 

In this stored charge model heavy-doping effects 
are partially present through Is. Because of the 
square-root dependence of the stored charge on 
saturation current, the errors involved in the estima- 
tion of the latter are, as a rule, halved in the Q s - I  
characteristic. 
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Table I. Physical parameters of analysed diodes 

Diode type No (cm-3) Nm (cm -~) NI (era -3) x s (;tm) 

S-band SRD 1 x 1020 2,4 X 1014 5.5 X 1019 1 
X-band SRD I x 10 '° 2.4 x 1014 3.8 x 1019 1.2 
K-band SRD I X 10 20 2,5 X 1014 5 X 1019 1.5 
Test diode 9 X 1019 I X 1014 5 X 1019 0.35 

D* is the diameter of the junction. 

W (#m) D* (#m) 

2.7 194 
3.0 76 
2.2 21 
1 252 
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4. E X P E R I M E N T A L  

To verify the theory, three types of currently 
available step-recovery narrow base pin diodes were 
manufactured using thermal oxide mesa technology. 
The diodes are mounted in F-27 D Thomson CSF- 
type microwave case. An additional shallow- 
implanted junction (x s = 0.35 #m) was fabricated to 
avoid the influence of emitter recombination on the 
accuracy of minority mobility measurements. 

The impurity profile parameters are summarized in 
Table I. The profile is assumed Gaussian and de- 
scribed by expression (41) in which the redistribution 
from the substrate is also accounted for. 

N ( x )  = N O e x p [ -  (x + xs)2/a 2] - NB 

-- N~/2{exp[-(w - x j  -- x):/b2]}, (41) 
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Fig. 5. Measured I - V  characteristic for 3', X and K band 
devices analysed in this paper. Is= calculated values for the 
saturation current neglecting heavy-doping effects./s2 calcu- 
lated values for the saturation current with full inclusion of 
the heavy-doping effects with = = 0.33. Is exp experimental 
values of the saturation current extrapolated from t h e / - V  
characteristics in the regions where the diode nonidcality 

factor n is I. 

No, Ns and Nt are the surface, i- and substrate 
layer concentrations, respectively. Because of the 
fabrication conditions b = a/3.  

The saturation current was determined by a least 
squares fitting of the I - V  characteristics (Fig. 5) in 
the extended Shockley domain, accurately measured 
with a Keithly-616 electrometer. The stored charge 
was measured in the experimental set-up presented in 
Fig. 6. To insure good precision, the magnitude of  the 
reverse pulse was chosen so that IR > 10 I F. The value 
of  the stored charge is deducted from the area below 
the current pulse on the oscilloscope CRT display 

( Q s = f I R d z ) .  

5. R E S U L T S  A N D  D I S C U S S I O N S  

The measured and computed values of the satura- 
tion current for the four experimental profiles are 
included in the insert of Fig. 5. Two values of the 
calculated saturation current are presented. The first 
was obtained with eqn (11), neglecting heavy doping 
phenomena's effects, while the second was calculated 
from eqn (21) with full inclusion of heavy doping 
phenomena. The latter value is within an acceptable 
error (below 12%) of the measured saturation current 
if = = 0.33 is assumed. The errors in the saturation 
current are also due to measurement uncertainties 
and lack of the precise knowledge of the actual 
doping profiles (which in the present case are ob- 
tained from Nl, No, w and xj measurements only). 

If high doping effects are neglected, the saturation 
current is underestimated by nearly one order of 
magnitude. Also, should the majority carrier- instead 
of the minority carrier diffusion coefficient be em- 
ployed (i.e. ~t = 0), the computed saturation current 
is 4 . . .  5 times above the measured value (Fig. 5). 

The surprising feature revealed by the saturation 
current measurements is the fact that the error 

~ope 
generator • otenuol'~ 

IF 

Fig. 6. Experimental set-up for stored charge measurements. 
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between theory (transparent model) and experiment 
even for diodes with junction depths of 1.5/tin, is 
lower than the theoretically predicted one. The 
theoretically estimated accuracy of eqns (21) and (28) 
is linearly dependent on the electron Auger coefficient 
Ce, which has a fairly unreliable value. As recent 
measurements have evidenced lower than previously 
surmised C, values, a similar trend might involve Cp, 
thus improving the accuracy and validity range of the 
present model and offering a possible explanation for 
the excellent agreement between our transparent- 
emitter model and experiment. Such a supposition is 
also supported by the much poorer performance of 
the quasi-transparent model for the 1.5 pm junction 
diode. It may be argued that the quasi-transparent 
model can be brought in agreement with the experi- 
ment if a larger value for c~(~ = 0.4---0.5) is con- 
sidered. This, in turn, will lead to a prevailing 
recombination term in eqn (28), in contradiction with 
the initial assumption in the derivation of the quasi- 
transparent model and, consequently, the whole 
quasi-transparent emitter model breaks down. The 
contradiction is suppressed for values of Cp 3 to 4 
times lower than the present ones. In this case both 
models give similar results for junction depths of up 
to 1.5 pro. 
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Fig. 7. Comparison between theoretical and experimental 
results for the variation of the stored charge vs forward 

current for S, X and K band devices. 
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Fig. 8. Influence of the surface concentration in the p~ 
region on the switching behaviour of narrow base pin diodes 

(computed results). 

The stored charge was computed using the trans- 
parent model of the saturation current for all three 
types of diodes. Figure 7 summarizes the experimen- 
tal and calculated results on the Qs-I dependence. 
The error (below 8%) is within the measurement 
uncertainty and theoretical predictions. The impor- 
tant conclusion to be drawn from the stored charge 
characteristic is its predictable behaviour. The stored 
charge and its dependence on the diode current 
lend themselves to accurate design. Such a design 
was performed by applying nonlinear optimization 
techniques based on an original pattern-search type 
algorithm. The optimization process allows for the 
alteration of device parameters (N 0, N~, X~, N B and 
area) to better fit a desired Qs 1 curve. 

Dwelling further on the Qs 1 plots of Fig. 7, one 
can notice that the error between theory and experi- 
ment tends to grow for higher frequency diodes. This 
may be explained by the increasing effect of recombi- 
nation in the emitter (due to greater junction depth), 
the onset of many-body effects in the base and by the 
less accurate modelling of minority charge in the 
heavily doped regions [expressions (34) and (35)]. 
In these diodes the undoped region is thinner and 
the contribution of the heavily doped p and n layers 
to the overall charge is no longer negligible. For 
these diodes the present model underestimates stored 
charge. The error between theory and experiments 
does not exceed 10% and should be acceptable in 
most designs up to the K band. 

The results of this study have been employed in an 
improved design of narrow-base pin diodes. Several 
design guidelines are resumed below. 

The computations have indicated that the 
reduction of the surface concentration N 0 of the p ÷ 
diffusion layer leads to a significant lowering of the 
stored charge. Figure 8 presents the variation of the 
stored charge with surface concentration and p"  zone 
length. This behaviour underlines the importance of 
the stored charge located in the p + layer and suggests 
an ultimate optimization of the switching speed[25]. 
In fast switching pin diodes, a reduction of N0 
from 102°cm -3 to 2-3 × 10~gcm 3 is conducive to a 
50-70% increase in switching speed. In contrast, 
narrow base pin diodes designed to operate as 
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step-recovery devices require very high surface 
doping to maximise the value of  Qs. Chang ing  No has 
practically no  influence on o ther  parameters  central  
to device per formance  (i.e. b reakdown voltage, t ran-  
sition time and  capacitance),  as opposed to alter- 
at ions of  o ther  doping parameters  such as w and a. 

6. FINAL COMMENTS 

A simple relat ionship between the stored charge 
and  the impuri ty  profile of  na r row base pin diodes 
was derived. In order  to obta in  the dependence of  the 
stored charge on the diode forward current,  the 
model l ing of  the I - V  characterist ic of  na r row base 
pin diodes has been revisited and  heavy doping effects 
have been considered for the first t ime in such devices. 

Exper imental  measurements  performed on four 
sets of  diodes with different profiles have evidenced 
errors  less than  10% and 8%, respectively, for 
theoretically predicted Is and Qs values. These 
encouraging results have allowed for novel, pro- 
visional values of  minori ty  diffusion coefficients in 
heavily doped p + Si. Addi t ional  measurements  on a 
wider range of  impuri ty  profiles and  junc t ion  tem- 
peratures  are required to validate these data  which 
can facilitate the development  of  a reliable and 
self-contained set of  heavy-doping related parameters  
(bandgap,  mobil i ty and  Auger  coefficients). 
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A P P E N D I X  

The present minority electron mobility model is a 
straight-forward adaptation of Fossum et al.'s formalism 
for minority holes in n + silicon[6] in which hopping 
conduction in band tails is accounted for. 

/~ = (1 - exp(-AEc/kT))~,mop~ 

+ exp(--AEc/kT)p~. (A.l) 

In the above reference, the effect of the band tails is included 
by assuming "an effective rigid parabolic valence-band 
shift" which is replaced here by the corresponding AEc. 
Obviously, AEv and AEc are part of the bandgap narrowing 
AEg, but there is as yet no theoretical support to identify 
these band shifts with the valence and conduction band 
offsets, as defined from electron affinity rule. As a conse- 
quence, we have replaced AEc in equation (A.1) (to avoid 
any confusion with band offsets) with ~tAEg. This can be 
justified by the fact that the shift in the conduction band has 
to be dependent on the bandgap narrowing. There is 
presently no need to use a more complicated dependence 
(i.e. ~t to be temperature dependent) until full sets of 
measurements in a wide temperature range are performed. 
Since the current measurements have been performed at a 
carefully controlled, fixed temperature, one parameter, ct, is 
sufficient to match the experiments and model the electron 
mobility, and it has proven to provide very good match 
between measured and computed saturation current values. 
Furthermore, the mobility values obtained with this phe- 
nomenological model appear to be in good agreement with 
those recently measured in moderately-doped p Si[17] and to 
follow the trend of minority holes in n + Si[6,19] (i.e. values 
up to an order of magnitude lower than those of the 
majority hole ones). 

Since/t,{hop) is very small compared to # ~, expression (A 1) 
reduces at room temperature to: 

~ = exp(-~tAEg /k T)p~. (A.2) 


