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The hole-initiated impact ionization multiplication factdr, — 1 and the ionization coefficient, in
AlGaAs/InGaAs p-n-p heterojunction bipolar transistor§HBTs) are presented. A large
discrepancy is observed at low electric field when the measured data froprrthp HBTs are
compared with those given from avalanche photodiode. The results show that the conventional
impact ionization models, based on local electric field, substantially overestimate the hole impact
ionization multiplication factoM,—1. We believe that the hole ionization coefficientpan-p

HBTs where significant dead space effects occur in the collector space charge regi@00©
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It is well known that the power capability of heterojunc- ject holes into the base, which were subsequently collected
tion bipolar transistor§HBTS) is limited by impact ioniza- by the collector. Generated electrons due to the impact ion-
tion occurred in the collector space charge region. At highization are collected at the base contact, which contribute to
electric fields, the impact ionization process leads to avaa negative term\ly in the base curreht
lanche multiplication and eventually to breakdown. In order Alg=1a(Veg)—| 1)
to calculate junction breakdown voltages accurately, it is B BLTCEL 7RO
necessary to obtain avalanche multiplication factors and ionwherel go is the base current without multiplication and it is
ization coefficients of electron and hole. The avalanche mulassumed to be equal tg atVcg=0V. Under such condi-
tiplication phenomena occurred in AlGaAs/GaAs, InGaP/tions, when the multiplication values are high, the base cur-
GaAs, and InP/GalnAs-p-n HBTs have been reportéd®  rent may reverse its polarity and become negative. The mul-
However, less effort was devoted to hole-initiated avalanchéplication factorM,—1 can be evaluated frof’®
multiplication and ionization coefficient. Furthermore, |Alg|
p-n-p HBTs have recently attracted much attention because M ,—1= w
of their applications in monolithic complementary HBT ¢ B
technology’ Thus, a good knowledge of avalanche multipli- The base-collector diode reverse currégs, measured at
cation and hole ionization coefficient prn-p HBTs is nec- 1g=0A was as low as 10 pA afcg=13V, thus the para-
essary. In this letter, the avalanche multiplication factor anditic contribution oflcgo can be neglected. Moreover, the
the hole ionization coefficients in AlGaAs/InGaAsn-p  self-heating of the device can be also neglected in our mea-
HBTs are presented. A strong hole dead space effect wagirement. In order to verify whether the Early effect contrib-
observed at low electric fields and a simple correction for theutes significantly to the results, the error introduced by Early
dead space is proposed. effect, ErrfM,—1), has been calculated according to the

The devices used in this work weren-p AlGaAs/  method proposed by Shanet al® The results demonstrate
InGaAs HBTs with the GaAs collector grown by molecular that Errf(M,—1) is much smaller tharM,—1 for Vcg
beam epitaxy. The device structure is shown in Table |. Due=5 V.
to the low hole mobility in GaAs, an indium composition in ~ Figure 1 shows the theoretical and experimental multi-
the InGaAs base was linearly graded from 15% at the colPlication factorM,—1 as a function of applied voltage. The
lector edge to 0% at the emitter edge to reduce the base
transit time. The structures were fabricated into devices USFABLE I. The p-n-p HBT epitaxial layer structure used in this work.
ing optical lithography and selective wet etching for mesa

@

. h . . Layer Doping (cm- Thickness(A
definition. The devices exhibited a high dc current ggéh Y X ping (cm-3) : &)
of =90 at a collector current ¢) of =10 mA with an emit- p*-GaAs 5><101: 200
ter area dimension of 35mx45u,m. To obtain the multi- p-GaAs 10" 800

. - . g p-AlL,Ga _,As 0.3-0 5¢10Y 200
plication characteristics as a function of the electric field, the o7
. . - ) 3 p-Al,Ga _,As 0.3 5x 1 200
technique described by Zanoe!l al” and Canaliet al® was p-Al,Ga,_ As 0-03 5¢ 107 300
used. The HBT was operated in the common base mode and n-In,Ga,_,As 0.15-0 5¢ 108 500
a constant base-emitter bisg=1.15V was applied to in- p-In,Ga; ,As 0.15 5x<10'° 100
p-In,Ga, _,As 0-0.15 5< 10'° 150
p-GaAs 5x 106 2500
dpresent address: Department of Electrical and Electronic Engineering, The p-GaAs 3x10% 7000
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10° ————— ————— ——— where ey, is the threshold energy for ionization initiated by
gz 200 hole andE(x) is the electric field profile in the space charge
10% | = 1 region of the collector. Solving the integral {6) yields an
g o / expression foi, given by
1| § 1000 7
10 §- 500 2 dE
— 40t H o5 Em— \ Em_zstha 3
X - L
EQ ‘.‘(,511;:-~<‘ th dE ( )
107 F ax
L -~ Experimental data ) ) o .
102 - — - Galculated by local model whereE,, is the maximum value of electric field occurring at
Galoulated by dead space correction thep™ n junction.E,,, anddE/dx can be found by solving the
10— — . Poission’s equations.
5 10 15 20

In the dead spacey,, is zero for 0<x<Xxy and only
electrons entering from the collector region whete Xy,
contribute to impact ionization. We assume that electrons
FIG. 1. Measured multiplication factor vs applied voltage in come from outside the dead space. which cause impact ion-
AlGaAs/InGaAs p-n-p HBT. Solid line shows data calculated using the P ' P

dead space corrected model and dotted line shows data calculated using ation within the dead space, do not cause secondary ion-

local model. The inset shows the dead space wixith, vs biasVpc . ization. Under these conditions, the electron current that can
generate electron-hole pairs by impact ionization in the dead
space may be assumed to be constant throughout the dead
space. We also assume that the dead space effect for elec-
trons generated near the subcollector is negligible. The effect
of dead space oM, may then be modeled [

f "y (x)

Xth

| Vg | (V)

dotted line shows the calculated theoretical value

—1 using the traditional local mod@[The field dependence
of the electron and hole ionization coefficients and a,,
used for the calculations is given by Bulmanal® as

a[E(x)]=1.899 10P exp{ —[5.570< LE(x) |83,  (3) 1ot

1+ fxm d

0

ap[e(x)]=2.215< 10° exp{ — [ 6.570< 10°/E(x) |3, (4) iy
xexW’—j [ap(x’)—an(x’)]dx’]dx, @)
Xth

They were determined based on the extremely detailed study
of photocurrent multiplication measurements using a large .
number of wafers and GaAp-i-n diodes. The measure- Wherean(x) and a,(x) are given by Eqs(3) and (4), re-
ments covered a very large electrical figficom 2x 10° to ~ SPEctively, andWc is the width of collector space charge
6 10°Vcm1) gave excellent reproducibility. To calculate region. Capac_ltancg—vo_ltage measurements demons_trate that
E(x), Poisson’s equation was solved by neglecting the fre‘gepletmn region width is in excellent agreement with the

hole contribution in the space-charge region. collector W?dt,h'
It can be seen from the plot & ,— 1 versus local elec- The built-in voltage was calculated to be 1.365 V for our

tric field (Fig. 1) that a large overestimation of the experi- device. Equation(7) was then solved using numerical inte-

mental data occurs at low bias voltages. We attribute thigra! to find values oM, —1 for the dead space corrected

effect to the fact that there is a strong dead space effect i?cal model. The solid line in Fig. 1 indicates that the dead
p-n-p AlGaAs/GalnAs HBTSs. For devices having low car- SPace corrected model produces multiplication data which

rier concentration and wide active regions, such as photd@/ly with the experimental results when a threshold energy
multiplication diode and traditional Si bipolar transistors, the®f 2:5 €V is assumed which coincides with the predicted
dead space constitutes a small fraction of the total depletioﬁalue' )
region and its effects are negligible. However, for advanced I.n order to fu_rther illustrate the nonlocal effects, the con-
HBT devices with narrow depletion region and heavierv,emIOnaI deductlon p‘f"P fr_om Mpfor punchthrough condi-
doped collector, the dead space can be significant. The insiPn Was carried out in whicky, is assumed to be dependent
in Fig. 1 shows the curve of dead space width, versus ONY on the electric field. In the case of an abrapp junc-
biasVgc. This further suggests the importance of dead spacEO” gt punchthrough, the hole ionization coefficient can be
effect at low bias. Similarly, strong dead space effect of in-oPtained by
jectedztilectron has also been founchirp-n AlGaAs/GaAs Em—Eqg dM,
HBTs” . DT M M- dVes’
The dead space effects can be calculated by using the e cB
model proposed by Fliteroft al®> We assume that a hole whereE,, and Eq4 are the maximum electric field at tme p
injected into the depletion region must travel a finite dis-junction and the electric field at the edge of theegion,
tance,xy,, before causing ionization. In this dead space, thaespectively. Since our measurements only yield multiplica-
probability of ionization by the injected carrier is assumed totion factor for pure hole injection, in order to dedueg, we

®

be zero, andy, is defined by’ assume that the electron multiplication is equal to the hole
multiplication. This approximation is justified at low electric
_ | fields where both electron and hole multiplication factor are
€th™ E(X)dx7 (5) . . . . .
very close to unity. Figure 2 shows the hole ionization coef-
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of the “nonlocal” effect for avalanche multiplication char-
acteristics in AlGaAs/InGaAp-n-p HBTs. It will provide a
guideline for the investigations of avalanche multiplication
T=300K in GaAs-baseg-n-p HBTSs.
Vge=1.15V In conclusion, measurements of hole avalanche multipli-
---Bulman etal cation characteristics and ionization coefficient on AlGaAs/
InGaAs p-n-p HBTs were performed and the results show
that there is a strong dead space effeqiin-p HBTs at low
N 3 bias voltages. The local electric field model is not accurate
S ] for predicting the hole ionization coefficient and hence the
( . S nonlocal electric field effect has to be taken into consider-
102 . o0 > ation to yield a more accurate prediction of the avalanche

2 3 4 5 multiplication effect in AlGaAs/GaA$-n-p HBTSs.
1/E__ (10° em/V)

max

105 T ¥ T T L) T v T
GaAs (100)

Hole ionization coefficient (cm ™)
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