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Hole-initiated avalanche multiplication is investigated using an AlGaAs/InGgis-p
heterojunction bipolar transistofHBT). Both experimental measurements and theoretical
calculation are used to determine the avalanche multiplication factor. A large departure is observed
at low electric field when comparison is made between the measured data and theoretical results
obtained from the standard ionization model. The comparison shows that the conventional impact
ionization model, based on local electric field, substantially overestimates the hole avalanche
multiplication factorM;—1 in the AlGaAs/InGaAsp-n-p HBT, where a significant dead space
effect occurs in the collector space-charge region. A simple correction model for the dead space is
proposed, that allows the multiplication to be accurately predicted, even in a heavily doped
structure. Based on this model, multiplication characteristics for different threshold energy of the
hole are calculated. A threshold energy of 2.5 eV was determined to be suitable for describing the
hole-initiated impact ionization process. #01 American Institute of Physics.
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I. INTRODUCTION vide a good agreement with experimental results when
threshold energy of 2.5 eV is assumed to describe the hole-
Heterojunction bipolar transistor$HBTs) based on initiated impact ionization processes.
[1I-V compound semiconductors have shown great potential

both. for rllgh—speed CIrCUI.tS and for microwave POWer, e\ cE FABRICATION AND PERFORMANCE
application. For the operation of a power HBT, avalanche

multiplication connected to impact ionization is of funda-  In order to investigate the hole-initiated avalanche mul-

mental importance, because it determines the breakdowkPlication phenomena, a specially designed AlGaAs/InGaAs
voltage. Electron avalanche multiplication in N-p-n HBT structure was grown on a semi-insulating GaAs

AlGaAs/GaAs®® InGaP/GaAd, and InP/GalnAs(Ref. 8§ substrate by molecular beam epitaxy. In view of the low hole
. . . . mobility in GaAs, an indium composition in the InGaAs base
n-p-n HBTs has been intensively investigated. By contrast .

o .. Wwas linearly graded from 15% at the collector edge to 0% at
ryo effort Yva§ deyoted to-h-ole—|n|t|ated avalanche multlphca-the emitter edge to reduce the base transit time. The device
tion and ionization coefficient, eve.n though then-p HBT structure consists of a 700 np=3x 10°cm 3 GaAs sub-
has recently attracted much attention because of their appligjiector, a 250 nmp=5x 10%cm™2 GaAs collector, a 15
cations in monolithic complementary HBT technolddy. nm p=5x10cm 2 In,Ga_,As graded layer X
Since calculation of the breakdown voltage needs both car=0-0.15), a 10 nnp=5x10"*%cm 2 In, ;:Ga, gsAs Spacer
rier multiplication factors, understanding of the hole ava-layer, a 50 nmn=5x10"¥cm2 In,Ga, _,As composition-
lanche multiplication and ionization coefficient in tpen-p  ally graded basex=0.15-0), a 70 nmp=5x10"cm3
HBT is necessary. In this article, the hole-initiated avalanché\lGaAs emitter with graded layers at two sides, a 80 pm
multiplication is investigated using a specially designed=1X10cm™ GaAs cap layer, and a 20 nmp=5
AlGaAs/InGaAs p-n-p HBT. Both experimental measure- *10°cm™® GaAs ohmic contact layer. . _
ments and theoretical calculation are used to determine the D€Vice fabrication began with an evaporating emitter
hole-initiated avalanche multiplication factor. Our resultse.IeCtrOde(T'/Pt/Au.)' An emitter mesa was subsequently de-

. . fined and the regions other than the emitter mesas were wet
show that there is also a strong dead space effect in the

. etched down to the base surface. It should be noted that,
space-charge region of the collector of AIC-:'aAS/InGaAsbecause the base layer thickness of the AlGaAs/InGaAs

p-n-p HBTs and the conventional impact ionization model p-n-p HBT is much thinner than that of common AlGaAs/
based on local electric field largely overestimates the avagaAsp-n-p HBT, it is necessary to use the selective etching
lanche multiplication in AlGaAs/InGaAp-n-p HBTs. A solution to prevent etching past the base layer. In this study,
simple correction model is proposed, which is found to protwo etching solutions are employed. The first solution
is 10:4:500 NHOH:H,0,:H,O solution, and it is used
aAuthor to whom correspondence should be addressed; electronic maif@ €tch down to approximately 500 A above llhl'é |nG"_31AS
bpyan@eee.hku.hk base layer. The second etching solution is the
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FIG. 3. Measured dc beta att}, as a function of collector current.

FIG. 1. The cross section of fabricated HBT structure.

This BV¢gg value is expected for these measured HBTs

K3Fe(CN)g/K,FE(CN)g selective solution. This so-called Whose collector is only 250 nm, even though the base-
“ferric-ferro cyanide solution” can selectively etch AIGaAs collector junction contains a portion of the narrow band gap
but stop at InGaAs when itsH value is adjusted to 7The  InGaAs material. dc current gajf and incremental current
selectivity is very high, and no situations of etching past thegainHe as functions of collector current are shown in Fig. 3.
base layer had occurred. Next, the base contact region w#s shown the current gain continues to increase with collec-
defined and a base contact metal of Pd/Ge/Ti/Au was depoder current, and reaches a maximum value of 186 before it
ited by e-beam evaporation. It should be noted that Pd/Gesuddenly decreases. The observation that the current gain
Ti/Au was used as the base contact, while the commomever saturates at a constant value indicates that the base—
n-type alloyed ohmic contact system Au/Ge/Ni/Au is not €mitter space charge region recombination current, rather
used. This is because the base thickness for a typipahrp ~ than the base bulk recombination current, is a main base
HBT is between 30 and 50 nm. Alloying of the above metalcurrent component. In a large area device, both the extrinsic
contact causes the metal to spike through the base layddase surface recombination current and the base contact re-
leading to a short through the base—collector junction. Aftecombination current can be negligible compared to the base
forming the base contact, the collector was defined and corPulk recombination current, because the former two compo-
tact metal of Ti/Au was used. The contact was alloyed anents are proportional to the emitter periphery, whereas the
400 °C for 10 s to form ohmic contact. Figure 1 shows thelatter is proportional to the device ar€drhe electron back-
cross section of the fabricated HBT structure. injection current is also negligible together at room tempera-

dc characterization was made with a HP 4155 parametdtire. Therefore, the two important components are the base
analyzer. Measured devices have an emitter area @fni35 bulk recombination current and the space-charge recombina-
X 45 um. Typical common-emitter current—voltagé—(V) tion current. For our device, base doping is only moderate, so
characteristics are shown in Fig. 2. It can be seen that thé#e dominant base current should be the space-charge recom-
emitter—collector offset voltage is 350 mV. The emitter— bination current, not the bulk recombination current. This is
collector breakdown voltage, BY, is measured as 6.8 V. confirmed by the Gummel plots shown in Fig. 4. As shown
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FIG. 2. Common emitter current—voltage«V) characteristics of thp-n-p
AlGaAs/InGaAs HBT. FIG. 4. Measured Gummel plot of then-p AlGaAs/InGaAs HBT.
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FIG. 6. Measured multiplication factor as a function of applied voltage in
AlGaAs/InGaAsp-n-pHBT. Solid line shows data calculated using the local
model and dots show measured data.

FIG. 5. M,—1 and ErrfM,—1) as a function of the collector-base voltage
Vel

in Fig. 4, the measuret} ideality factor is 1.97, very close
to the factor of 2, which is the ideality factor of the space-The base—collector diode reverse curregd, measured at
charge recombination current. The large space charge recorhe=0 was very low(10 pA atVcg=13 V) thus the parasitic
bination current most likely results from the fact that the contribution ofl .go can be neglected. Since the current is not
depletion region adjacent to the base layer, in which mosvery high, the self-heating of the device can also be ne-
recombination events take place, is made of narrow GaAglected in our measurement. The Early effect is significant at
Thus, the larger thermal carrier concentration associated witthe condition of low bias but can be neglected at the condi-
narrow band gap material leads to a higher recombinatiotion of high bias. In order to verify that the Early effect does
current than expected from abrupt HBTs. In contrast, thenot contribute significantly to the results, the error introduced
base bulk recombination current is small because both a basy the Early effect, Err 1,—1), has been calculated ac-
quasielectric field and a moderate base doping are used. cording to the method proposed by Shamir and Rift&ig-

ure 5 shows the measured avalanche multiplication factor

Il AVALANCHE MULTIPLICATION M,—1 and the error introduced by the Early effect, Err

CHARACTERISTICS (Mp—1). It can be seen from Fig. 5 that ErM(,—1) is
much smaller thanM;—1 under the condition ofVcg
A. Measurement method =5V. Therefore, the contribution of the Early effect to

To obtain the multiplication characteristics as a functionMp—1 is negligible under the condition of measurement.
of the electric field, the technique described by Zahamid
Canaliet al® was used. The HBT was operated in the com-
mon base mode and a constant base-emitter Mgs  C. Measurement results and theoretical analysis
=1.15V was applied to inject the hole into the base to be
collected by a collector. Generated electrons are collected
the base contact, which contribute to a negative taim in
the base currerit®

Figure 6 shows the theoretical and experimental multi-
?ﬁication factorM,—1 as a function of applied voltage. The
solid line shows the calculated theoretical valuesvigf—1
using the traditional local electric field model, which is given
Alg=15(Ver)—Igo, (1) by the expressidn

wherel g, is the base current without multiplication and it is M,—1
assumed to be equal 1g at V=0 V. Under conditions

when the multiplication value is high, the base current may _— 1 _
reverse its polarity and become negative. The multiplication l—f\évcap(X)EXp{—fé[ap(X’)—an(X’)]dX’}dX '
factorM,—1 can be evaluated from 3
M. —1= |Alg] 2) whereap(x) and ay(x) are the hole and electron ionization
. lc—|Alg|’ coefficients, respectively, as a function of distance, Ahd
is the width of collector space-charge region. The field de-
B. Consideration of parasitic effects pendence of the electron and hole ionization coefficignt

nd a,, is given, according to Bulmaat al,** respectively,

There are three parasitic effects which influence th .
y the expressions

measurement of an avalanche multiplication factor. They ar

the base—collector junction reverse currégg,, the Early an(E(x))=1.899< 10° exp{ — [ 5.570< 10°/E(x)]*%3,
effect, and the self-heating effect of the device, respectively. (
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ap(E(x))=2.215< 10° exp{ —[6.570< 10°/E(x) ]+, 10— - -
5

10°4 = Experimental data E

where E(x) is the electric field profile in the space-charge 107
region of the collector with the maximum electric field oc-

curring atx= 0. It should be pointed out that, anda, were 10°9
determined based on the extremely detailed study of photo—;a 10_‘;
current multiplication measurements using a large number of
wafers and GaAg-i-n diodes. The measurements covered a  10°1
very wide electrical field range(from 2x10° to 6 ]
X 10° V/em) with excellent reproducibility. To evaluate 3
E(x), Poisson’s equation was solved neglecting the free hole  j4+14 , .
contribution in the space-charge region, which is not impor- 5 10 15 20
tant at thel ¢ values considered. [ Ve [ (V)

. It (?an be See,n from Fig. 6 that When the avalanche mulT:IG. 7. Calculated multiplication factors as a function of applied voltage for
tiplication factor is calculated as a function of the local elec-gjtferent values of threshold energy.

tric field, a large overestimation of the experimental data

occurs, especially at low bias voltages. This observation

means that the conventional impact ionization models, based
on local electric field, cannot be used for the calculation ofgjactrons entering from the collector region where xq,

avalanche multiplication irp-n-p HBTs. We attribute the  ;onuipyte to impact ionization. We assume that electrons

phenomenon to the fact that there is a strong dead spaggming from outside the dead space, which cause impact
effect in p-n-p AlGaAs/GalnAs HBTs. This can be under- jqnization within the dead space, do not cause secondary
standable. For devices having low carrier concentration angh,i>ation. Under these conditions, the electron current that
wide active regions, such as the photomultiplication diode.5n generate electron—hole pairs by impact ionization in the
and traditional Si bipolar transistors, the dead space constjjgoq space may be assumed to be constant throughout the
tutes a small fraction of the total depletion region and itsyg4q space. We also assume that the dead space effect for

effects are negligible. However, for advanced HBT deviceyectrons generated near the subcollector is negligible. The
with narrow depletion region and heavier doping, the dead\fract of dead space ol , may then be modeled B/
space can be very significant. In fact such a strong dead P

E,=2.5 eV

In the dead spacey,, is zero for 0<x<xy and only

space effect of injected electron has also been foumdpm 1o 1 1+ fxth (x)dx 'ch )
AlGaAs/GaAs HBT<"® The dead space concept will be con- M, o On - %p
firmed through the following theoretical models.
X
D. Theoretical modeling of the dead space effect ><exp|’ —f [ap(X")— an(x’)]dx’]dx, (8)
Xth

In order to confirm the dead space effect, a simple the-

oretical model has been developed, which is similar to tha\Nhere. an(x) and ap_(x) are given by Eqs(4) and (), re-
proposed by Filterofet al.” We assume that a hole injected spgctlvely, ang\Nc is the width of collector space charge
into the depletion region must travel a finite distange region. Capacitance—voltage measurements demonstrate that

before causing ionization. In this dead space, the probabiIit)(}ieplet'on region width 1S excellent agreement with the
collector width. The built in voltage was calculated to be

of ionization by the injected carrier is assumed to be zero ) _ .
andxy, is defined by’ 1.365 V for our device. Equatiof8) was then solved using a

numerical integral to find values d¥1,—1 for the dead

Xin space corrected local model.
SchJ E(x)dX, (6) Figure 7 shows the theoretical results of avalanche mul-

0 tiplication factors for different values of threshold energy. It
can be seen that, when threshold energy of 1.7, 2.1, and 2.8
eV is assumed, respectively, the dead space corrected model
can not produce multiplication data to agree with the experi-
mental results. When a threshold energy of 2.5 eV is as-
sumed, the dead space corrected model produces multiplica-

dE tion data in excellent agreement with the experimental
2
Em\ /Em_zsthW results.

whereegy, is the threshold energy for ionization initiated by
hole andg(x) is the electric field profile in the space-charge
region of the collector. Solving the integral in E®) yields
an expression foky, given by

. 7 Figure 8 shows the curve of dead space widthversus
" dE ’ bias Vgc, which is calculated by the ensuing theoretical
dx model. It demonstrates that the dead space constitutes a large

fraction of the total depletion region, especially at low bias.
whereE,, is the maximum value of electric field occurring at For example, when the bias is 2, 4, and 6 V, the correspond-
the n* p junction. E,, and dE/dx can be found by solving ing proportion of the dead space to total depletion region
Poission’s equation. width is 55%, 35%, and 27%, respectively.
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FIG. 8. Dead space widtky, as a function of the collector—base bhg: . FIG. 9. Hole ionization coefficient in GaAs vs inverse electric field as

obtained from collector multiplication factor measurement. Dashed line
shows the results based on Ref. 14.

E. Hole-initiated impact ionization coefficient
In order to illustrate the effect of dead space on the im-this work is still effective. This has been confirmed by the
pact ionization coefficient, the conventional deductiongf excellent agreement between experimental results and the

from M, for the punchthrough condition was carried out in theoretical model of the dead space effect.
which a, is assumed to depend only on the electric field. In
the case of an abrupt™ p junction at punchthrough, the hole V- CONCLUSION

ionization coefficient can be obtained'fy In conclusion, measurements of the hole avalanche mul-
En—Eq dM, tiplication characteristics and ionization coefficient in

9

a = — y
PT MM, dVcs

whereE,, andE4 are the maximum electric field at tme" p
junction and the electric field at the edge of theegion,

AlGaAs/InGaAsp-n-p HBTs were performed and the re-
sults show that there is a strong dead space effeptinp
HBTSs at low bias voltages. A local electric field model is not
accurate for predicting the hole avalanche multiplication fac-

respectively. Since our measurements only yield a multiplitor and impact ionization coefficient. Therefore, the nonlocal
cation factor for pure hole injection only, we approximate theelectric field effect will have to be taken into consideration to
electron multiplication as equal to hole multiplication, in or- give a more accurate prediction of the avalanche multiplica-
der to deducex,. This approximation is justified at low tion effect in AIGaAs/GaAg-n-p HBTSs.

electric fields where both electron and hole multiplication
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