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Field Dependence of Impact lonization
Coefficients in I 53Gay 47AS

J. S. Ng, C. H. Tan, J. P. R. Dayi8enior Member, IEEEG. Hill, and G. J. Rees

Abstract—Electron and hole ionization coefficients in plifying assumption that = 3. Furthermore, these HBT results
INo.53Gao.47As are deduced from mixed carrier avalanche were measured on only one layer in each investigation so that
photomultiplication measurements on a series of p-i-n diode  gyorg jn determining fields and multiplication factors could not
layers, eliminating other effects that can lead to an increase in . o
photocurrent with reverse bias. Low field ionization is observed e_zasny be detec_ted. More critically, these I-_|BT-pased results re-
for electrons but not for holes, resulting in a larger ratio of lied on measuring the dc collector current in which leakage cur-
ionization coefficients, even at moder ately high electric fieldsthan  rent was not easily distinguished from that induced by impact
previously reported. The measured ionization coefficients are jonization. Most of the measurements in the previous works also
marginally lower than those of GaAsfor fieldsabove250kVem™, o0 ired correction, either for depletion-edge movement (in the
supporting reports of dlightly higher avalanche breakdown N
voItagesin Ino 53 Gae a7 Asthan in GaAs p-i-n diodes. photomultlpllcatlon measurements [_4]—[6]) or for Early effect

(in the HBT measurements [7], [8]), introducing further uncer-
tainties in the multiplication factors and, hence, in the ionization
coefficients, especially at low fields. The uncertainties iand
[ can have a significant impact on the design of HBT structures.
|. INTRODUCTION For example, calculations using the Ebers—Moll equations [9]
how that at 20% uncertainty inv and (less than the spread

electron ionization coefficient measured at low field etween results of [4]-[8]) will result in &F10% spread in

[1], [2] may be responsible for breakdown in common-emittdP€ collector—emitter breakdown voltage of a common-—emitter

configured Iy 55Ga, 47As-based heterojunction bipolar tran-configured HBT with a 0.3+m-thick collector and a transistor
N o in of 30.

sistors (HBTs) at voltages lower than that expected for 19 .
isolated collector—junction breakdown [3]. Several authors More_over, the HBT measurem_ents used sub-micron struc-
have determined that and 3, the electron and hole ionization™"€S With avalanche widths ranging from Q.81 to 0.85.m.
coefficients, in IR 53Ga.47As using photomultiplication At a given yalue of mulu_phcauop, the effects of dead space
measurements on p-i-n diode structures [4]-[6]. While there§&ert more mfluence in thin than in thick structures_. Neglecting
some disagreement among the absolute values measured f PCh eﬁects n s_,ub-mlcron structures [1], [2], [7] is therefore
and g, their field dependences are similiar to those of silico ss valid than in thicker structures [4]-[6]. Furthermore, at

(Si), GaAs, and InP, decreasing approximately exponentiaflyy given field thinner structures have smaller multiplication
with, an inc}easing in’verse field ctors, which can be measured less accurately. A systematic

Using measurements on an n-p-n HBT with $8Gay 47 As measurement of b3 Ga 47As ionization coefficients in thick

base and collector layers, Rittetral.[1] reported anomalously ?trlicturgs Iusnlﬂgd un_arrl;:tnguously determined multiplication
high values ofy, termed “low field impact ionization,” at fields actors 1S clearly desirable.

lower than those studied in [4]-[6]. Their results were corrob%- Itn th'_s v;ofrk, |0nr|12at|0n co_ei_fhmer;]tst n Hllt;g(l_Bao;[gAS are
rated and extended by Canali al. [2] to fields as low as 20 etermined from phase-sensitive pnotomuftiplication measure-

KVem~. Although the results in [1] and [2] agree at highane_ntS' whi_ch distinguish photpcurrent from_dark current, ona
fields, the values of are in disagreement with those in [5] and®' €S qf thick 19.53Ga.47AS p-i-n structures, interpreted using
[6] for fields below 200 kVcnt!. By contrast, the recent HBT a local impact ionization m(_)del th"?“ does noF assume f3.
measurements ¢f[7], [8], which agree qualitatively with those Theresults are compared with previously published data. Break-
reported in [5], [6] did not show this low field impact ionization 4OWN V(;Itage%i'n Igo_;,gG?M:Astare alsq calculated for ad
Although the more recent HBT measurements [1], [2], [7], [SF"9€ © pn ﬁn and pr-n" structures using our measure
covered a wider electric field range than the earlier photomulf nization coetficients.
plication measurements [4]-[6},and3 could not be measured
on the same HBT layer, and the interpretation relied on the sim-

Index Terms—Avalanche breakdown, avalanche multiplication,
impact ionization, InGaAs.

ECAUSE of the effects of transistor action, the wea

Il. STRUCTURE DETAILS AND
ELECTRICAL CHARACTERIZATIONS

The Iy 53G As structures used in this work comprise
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wm, respectively, were fabricated from the wafers. Annular 2.4 provrprrr
p-type metal contacts and grid-like n-type metal contacts were 2.2
deposited to allow optical access to the top and back of the 20
devices. The i-region thickness for each layer was estimated

by fitting to the capacitance-voltage measurements assuming < _
abrupt p~-p—-nT diode doping profiles. The estimated values S 16 F
of w are 1.8, 3.2, and 4.8m, respectively. 14 E
12
[ll. PHOTOMULTIPLICATION EXPERIMENTS F T . L % 48um]
1'0‘1 lll-lrIJ-ITlTl:J [N A s
To deduce the multiplication factdel, phase-sensitive mea- 0 20 40 60 8 100 120

surements of the avalanche multiplied photocurigmt) were
performed as a function of reverse bla$10]. The illumination
was chopped mechanically and the ac photocurrent was dete¢tigdl. Normalized photocurrenid (V') = I(V')/I(0) for measurements of
using a lock-in amplifier. Using light of different wavelength?:(O), Muiz1 andM,iaz.

permits measurement dff corresponding to different carrier

injection profiles across the avalanche region. Pure electron amgrection, to calculate our first set of ionization coefficients.
pure hole initiated multiplication factord/. andM},, measured Note thatM,,,;,1 and M,,;.> (shown in Fig. 1) are dissimilar,

on the same structure, are normally used for simple and reliabe that the equations used to calculate ionization coefficients
determination of ionization coefficients. However, any two setse not ill-conditioned.

of M, corresponding to sufficiently different, known injection

profiles, can still allow reliable deduction of ionization coeffi- V. 1ONIZATION COEFFICIENTS

cients. s -
In this work, M, was measured by illuminating the top of To deduce values for the ionization coefficients, the values of

the devices at a wavelength af = 442 nm, at which more Mmiz1 andMomiz2 Were calculated using a local impact ioniza-

than 99.9% of the injected light is absorbed in tHegadding tion modgl gnd_assuming ideal p-i-n diode elect_ri.c field profiles.
layers. Top and back illumination using = 1064 nm gave T.h.e mul'tlph_catlon factor for an electron-hole pair injected at po-
mixed carrier multiplication factors?,,,;.1 andM,,,;.2, respec- sition z is given by [10]

tively. Optical absorption in InP at = 1064 nm is so weak that (aB)s

the light was effectively absorbed only in the izl§sGay 47 As. M(z) = (o= Pe o . 1)
These photomultiplication results are presented/f3”) = ae=(@=Aw — 3

I1(V)/I(0) versus reverse bias for the three layers in Fig. 1. The

advantages of measuring,,.;,.; and M,,i.», rather thanM, Pure electron injection at = 0 corresponds to a multiplica-

reverse bias (V)

and My, are explained in the following section. tion M. = M (0). For the mixed carrier injection used in this
work, the multiplication factor is found by integratiny (=)
IV. PHOTOCURRENTNORMALIZATION over the multiplication region weighted by the carrier-genera-

o . ) tion rateG(x) in a similar manner to that described byadtial.

As shown in Fig. 1, an increase IrﬁV)/I(O) is apparent at [13]. M,is1 andM,,;.» are both given by
only a few volts bias and a larger increase wiiths detected in
M, than in M,,;,1 and M,,;.>. However, not all the increase w
in the measured photocurrent with bias is necessarily caused M,iw = Jo Af(x)G(x) dx
by avalanche multiplication. Photon recycling [11], which re- fo G(z)dx
sults from optical recombination of injected carriers in the neu-
tral region, and depletion edge movement [12], which increassbereG(z) « exp(Fvyx) for My,;.1 andM,,;.o, respectively,
the minority carrier injection efficiency, are known to increasandy = 2 x 10* cm™! [14], [15] is the Iny 53Gay 47As optical
the photocurrent, especially at low bias. It is therefore impoabsorption coefficient at 1064 nm. The ionization coefficients
tant to ensure that these mechanisms are not misinterpretesvare adjusted until the calculated values\éf,; .1 and M, ;>
avalanche multiplication. agreed with the measurements within a tolerance of'10

By contrast, the measurements @f,,;,1 and M,,;.o The results ofx and 3 obtained from the three layers are in
are concerned only with carriers photogenerated in theasonable agreement, as shown in Fig. 2. For each layer, the
i-Ing.53G& 47As region, in which carriers are immediatelyionization coefficients shown in Fig. 2 are reproduced from dif-
swept to the respective claddings by the field. These resukésent devices. To assess the accuracy of these results further,
are therefore free from contamination by photon recycling arashother set of ionization coefficients’(and3’) was determined
depletion edge movement, both of which can result only fromsing the measurementsf, (without correction) and/,,, ;..
carrier injection in the cladding layers. Henck,,;.1 and «’ and@ are in good agreement with and 3, as shown in
M,.i2 are simply given byl (V)/I(0). On the other hand, Fig. 2. The agreement supports the valueyafsed in our cal-
M. may be affected by these two additional mechanisms aadlations and suggests that, in fact, the result&/pfneed little
may require correction. We therefore use the unambiguonisno primary current correction. This implies the absence of
results ofM,,,;.1 andM,,,;..o, which require no primary current photon recycling and depletion edge movement mechanisms.

)
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Fig. 2. (Upper sety» and (lower set)3 calculated fromM,,,;,.; andM,,;..  Fig. 3. Comparison of measuréd. (symbols) with values predicted using
measured on layers with = 1.8 um (O), 3.2um (A), and 4.8um (V). ionization coefficients from this work (lines) for additional homojunction layers
The results agree well with (lines) and3’, calculated from\, andM,, ;... Withw = 1.35 um (O) and 2.2um (A).

Dashed lines show andg for GaAs [16].

104

In addition, since the ionization coefficient calculations ignore
dead space, the agreement between results from devices with
different i-region thickness suggests that dead space effects are
indeed insignificant in our layers.

The spread in the results in Fig. 2 is attributed to errors in
measuring multiplication factors and in determining the electric
field in the Iny 53Gay 47AS avalanche regions: can be deter-
mined accurately to low fields but the results foshow a larger B
spread tham among the different structures. This is probably T N N N N
due to the greater inaccuracy in determinig,;.», which is 30 35 40 45 50 55 60 65
lower thanM,,,;»1, and uncertainties in the absolute values of
absorption coefficients. lonization coefficients for GaAs from
[16] are also plotted in Fig. 2 to highlight the contrast betweefig. 4. Comparison o (upper set) ang (lower set) from this work (symbols
the low field impact ionization in Ifs3Ga.47As and the con- ‘é"titgl%ggﬁg&sl)ir‘?’eig,”;?]g”BbL'jit?;idaﬁss‘é'ﬁz‘I’ifnlé;‘;f‘mm'-(dOtted lines), Ritter
ventional field dependence in GaAs.

Although there is larger variation among resultsfat fields
lower than 180 kVcm®, our results may be parameterized in Fig. 4 shows a comparison of our measurements with those
the range of fields from 130 to 300 kVcrh, by the expressions Of [1], [6], [8]. Error bars are included to indicate the uncertain-

ties in multiplication factors. The effect of different valuesof
a(E) = 3.72 x 10° exp|—(4.76 x 10°/E)*57] on the data has also peen considered. Increasing t_hg va_i,ue of
1 . serves to reduce and increasg. However, changes in ioniza-
230 kvem™ < F < 300 kvem tion coefficients due to increasingto 2.5x 10* cm™! are still

10°

102

.. . . -1
ionization coefficients (cm™)

—
<
T

inverse field (10%cmV™)

=4.30 x 10* exp[—(9.30 x 10°/E)%81] covered by the error bars. Calculations using= 1.5 x 10%
150 kvem™! < E < 230 kvem™! cm~! produced different values ¢f from the three structures
— 203 x 10° exp[—(1.98 x 105/E)1-°5] so were considered unreasonable.

130 kvem™ < E < 150 kvem™* () V1. DISCUSSION

- i In Fig. 4 ionization coefficients measured in this work are
while /3 is given by compared with the results of Urquhatt al. (using photomul-
tiplication) [6], Ritteret al. [1] and, Buttariet al. (both using
HBT measurements) [8]. Although slightly larger than those of
Ritteret al.[1] at high fields, our values far agree qualitatively
for the complete range of fields, whefgis the electric field in and also show low field impact ionization. At lower fields, our
vem™!, anda andg are in cntt. results fore approach those of Rittet al. However, our results

Photomultiplication measurements using 633-nm wavelendgtr 5 are much smaller than those of Buttatial. Our work
light to obtainM, were performed on two additional homojunctherefore shows a much largey g ratio than the combined re-
tion p-i-n diodes with estimated valueswf= 1.35 and 2.2um. sults of [1], [2], [7], [8]. The underestimation af in [1] and
Both structures had 1.0m-thick pt and nt Ing 53Gay.4yAs [2] and overestimation of in [7] and [8] are probably due to
cladding layers. The measured valuegfhf are compared with their simplifying assumption that = 5. We observed no low
those calculated using (3) and (4) in Fig. 3. The agreement pfigld impact ionization for holes, which is consistent with the
vides a further check on our ionization coefficients. previous HBT measurements of [7] and [8].

B(E) = 7.60 x 10* exp[—(7.63 x 10°/E)"*]  (4)



904

'——J-I.I.IIHI T lllllll T T Illll4t|8 T LI
L w=48m _|
= 100 :_——.‘\ w=32um
2 ———— w=22m
E —— = — - w=18um
+ —————  — w=135um |
o L - i
k> r w=10m _ -~
& [ w=07mm _ __ __ ]
<
I L _w=05um _ _ __ i
E w=04m T T T
N - —
=03
| w=03m ____ N (1]
10 1 IlIIIIIl 1 Illlllll 1 l]llllll 1 11
1014 1015 1016 1017
n” doping concentration (cm'3) [21

Fig. 5. Breakdown voltage of fpn—-nt diodes (dashed lines) as a
function of impurity doping concentration and thickness of thelayer (as
indicated). Breakdown voltage of abrupt ,— junctions (solid line) and the
measurements from the five diodes characterized (symbols) are also shown. [3]

[4]

Theoretical studies of the anomalous weak field dependence
of a have been performed by Bude and Hess [17] and also bys)
Isler [18]. Bude and Hess [17] argued that the effect is due to
the relatively low threshold energy and high average energy of[G]
electrons, which result from the low density of states at low en-
ergies, and the large energy separation between the lowest and
the subsidiary minima in the conduction band. These two con’
siderations do not apply to the valance band so haight be
expected to follow the conventional field dependence. Itis noted(8]
that indium antimony (InSb), a material with an even narrower
bandgap (0.17 eV) and with a relatively large energy separation
between the lowest and the subsidiary conduction band minimal®l
has also been reported to show signs of low field electron impacﬁo]
ionization. In InSb was found to be nearly constant at fields
between 5 to 10 kvVcm! but to increase exponentially with de-
creasing inverse field at higher fields [19], [20].

Fig. 5 shows breakdown voltage (applied plus built-in
voltage) as a function of impurity doping concentration,for
pt-n~-nT diodes, calculated using our extrapolated ionizatior}*?!
coefficients. When the impurity concentration becomes too
high to deplete thenlayer fully, the p~-n—-n* diodes become [13]
effectively abrupt p-n— junctions so the breakdown voltages
plotted in Fig. 5 become those of m~ junctions. Measured
breakdown voltages of the five diodes characterized in thi§l4]
work, which have been reported to have values slightly higher
than those of GaAs [21], are also shown in Fig. 5. As can bgs)
seen from Fig. 2, in the overlapping field range the values of
ionization coefficients in Ip53Gay 47As and GaAs are similar.

The similarity in breakdown voltages is therefore expectedjig)
The experimental data is in good agreement with the calculated
breakdown voltages of {pn~-nt diodes with low impurity
doping concentration, whereas calculations using the ionization
coefficients of previous works [4]-[6] produced significantly [18]
different breakdown voltages, as reported in [21].

(29]

VIl. CONCLUSIONS
o . . [20]
lonization coefficients in In53Ga 47As have been deter-

mined from photomultiplication measurements performed on
L : [21]

three In 53Gay 47As p-i-n diodes, taking careful account of fac-

tors that can give rise to erroneous results at low fields. The re-

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 4, APRIL 2003

sults confirm the low field-ionization behavior afand the con-
ventional field dependence ¢f « andg at mid-to-high fields

are found to be larger and smaller, respectively, than results pub-
lished by other authors.
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