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Low Multiplication Noise ThinAlj ¢Gag 4As
Avalanche Photodiodes

Chee Hing Tan, J. P. R. David, Stephen A. Plimmer, Graham J. Rees, Richard C. Tozer, and Robert Grey

Abstract—Avalanche multiplication and excess noise were
measured on aseriesof Aly ¢Gag 4 As ptint and ntip™ diodes,
with avalancheregion thickness, w ranging from 0.026 sm to 0.85
pm. The results show that the ionization coefficient for electrons
is dightly higher than for holes in thick, bulk material. At fixed
multiplication valuesthe excess noise factor was found to decrease
with decreasing w, irrespective of injected carrier type. Owing
to the wide Aly .6 Gag.4As bandgap extremely thin devices can
sustain very high electric fields, giving riseto very low excess noise
factors, of around F ~3.3 at a multiplication factor of M ~15.5
in the structure with w = 0.026 ¢« m. Thisisthe lowest reported
excess noise at this value of multiplication for devices grown on
GaAs substrates. Recursion equation modeling, using both a
hard threshold dead space model and one which incorporates
the detailed history of the ionizing carriers, is used to model the
nonlocal nature of impact ionization giving rise to the reduction
in excess noise with decreasing w. Although the hard threshold
dead space model could reproduce qualitatively the experimental
results better agreement was obtained from the history-dependent
model. p

Index Terms—Al,Ga;_,As, avalanche photodiodes, excess
noise, impact ionization.

|I. INTRODUCTION

This model assumes that the dead spdgcdefined as the min-
imum distance a carrier must travel before impact ionizing, is
small compared with both the avalanche widthand with the
mean distance between ionization events, sodtaid/s are in
equilibrium with the local electric field.

In most IlI-V semiconductoré approaches unity at high
fields and so to achieve small valuesioAPDs usually operate
at relatively low electric fields, necessitating thick avalanche
multiplication regions, where the Mclntyre expression is valid.
As the avalanche region becomes thinmkibecomes a signif-
icant fraction of the avalanche region width and thus the local
description of ionization fails. The dead space has been shown
to affect the multiplication [2] and, more dramatically, to reduce
the excess avalanche noise in thin avalanche regions [3]-[6].
APDs with thin avalanche regions also have the further advan-
tage of a high gain-bandwidth product.

Unfortunately, at the high electric fields encountered in
these thin multiplication regions, the tunnelling current can
be significant, increasing the background shot noise. One
way to overcome this problem is to use a wider bandgap
material such asAl,Ga; ,As, with consequently reduced
tunnelling current. Recently, Heroust al. [7] showed that

VALANCHE photodiodes (APDs) are widely used inGalnAs alloyed with a dilute concentration of N and grown
telecommunications systems since the avalanche moh a GaAs substrate strongly absorbs incident light a3
tiplication process provides gain. Conventionally, the impaglavelengthAl,Ga, _,As could therefore provide an attractive

ionization coefficients for electrons and holesand /3, which

multiplication region for GaAs based APDs using GalnAs(N)

represent the inverse of the mean distance between successh#drption regions.

ionization events, have been used to describe the multiplicatiomavalanche

multiplication measurements in

process. Using a local analysis, Mcintyre [1] derived aal,Ga;_,As(x < 0.45) have been reported by several groups

expression for the excess avalanche noise fadtorwhich

[8]-[12]. Anselmet al. [4] have measured the excess noise in

arises from the stochastic nature of the ionization process, aglaGa, _,As for z = 0 and 0.2 and Lét al. [6] have measured

function of mean multiplication) andk = (3/«)(c/3) for
electron (hole) initiated multiplication

F:kM+<2—%)(1—k). 1)

excess noise iMl,Ga;_,As for z = 0 and 0.3. The excess
noise inAl,,Ga;_.As for x = 0 to 0.3 was found to reduce
with decreasings. No measurements of excess noise factor of
Al,Gay_, As with higher aluminum compositions have been
reported. The excess noise characteristics for high aluminum
compositions £ > 0.45) where the bandgap is indirect, is not

To minimize the excess noise the material must have a srigown at present. In our previous work [12], the multiplication
value ofk and therefore the carrier with the higher ionization casharacteristics ofAly ¢Gao 4As have been investigated, and
efficient must be injected to initiate the multiplication processhe & value was found to be close to unity even at low electric

fields. The dark current afly ¢ Gag 4+As was also found to be
very low. Therefore, in this work, we investigate the excess
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Fig. 1. Doping profile (dash-dotline) in the layer with= 0.049u::m obtained
from SIMS and the calculated electric field profile (solid line).

a highly nonuniform electric field. In Section II, we outline the
experimental details of this work. The results are presented
in Section lll, discussed in Section IV, and modeled using a
model that includes the field history of the ionizing carrier,
proposed by Mcintyre [13] in Section V.

Il. EXPERIMENTAL DETAILS
A. Growth and Characterization

The ptinT(ntipt) layers used in this study were grown '
by conventional molecular beam epitaxy using Be and Si as reverse bias voltage, V, (V)
the p- and n-type dopants orf (p*)(001) GaAs substrates. | ) fork o G e it
+ _ Fig. 2. Current-voltage characteristics in darl 6Gag.aAs ptin
A 0.2 pm n*(p™) AlAs etch St?rp Ii\yer was grown on they o o i = 0.85.m (o), 0.49um (), 0.09m (OAG) 0.00319,1m (V),
substrate, followed by a 1.bm n*(p*) Alp cGag.4As layer, 0.026um (o), and n-ip* diodes withw = 0.51,m(M), and 0.14um ().
an undopedAly ¢Gag 4As ¢-region, and finally 1,m of The current-voltage characteristic of the p-n diode with doping levets 4#4

pt(nt) AlgeGag4As. Circular mesa diodes of diameterxhc}v(alr:(,f)w3 in the p-region andz 1 x 10** cm~* in the n-region is also
50-400.m were fabricated, with annular contacts for optica e
access.

Thei-region thickness of each layer was estimated from tffdd- 2- In the two thinnest layers wita = 0.026,:m and 0.049
doping profile obtained via capacitance-voltage-¥) mea- #M t_he dark currentincreases more rapidly prior to preakdowp,
surements. These values were checked by solving Poissd?9§5't?|y due to the onset of tunnelling at the very high electric
equation, withw and the doping in the™ i, and i+ regions fields in these layers.
used as adjustable parameters to fit the meaguréd profiles, o ]
as in our previous works [2], [5], [6], [11], [12]. The estimated: Photomultiplication and Excess Noise Measurements
values ofw were 0.026:m, 0.049;;m, 0.09x:m, 0.49;;m, and The experimental set-ups used for photomultiplication and
0.85um for the print diodes, and 0.14m and 0.51um for excess noise measurements are as described in [5], [6]. A phase
the ntip™ diodes. This fitting exercise also gives the dopingensitive detection (PSD) technique using two lock-in ampli-
levels of the p-n diode as around 4¢410'" cm—2 in the p-re- fiers was employed to monitor the photocurrent and the mul-
gion and around 1.18 10'® cm~3 in the n-region. Secondary tiplication noise independently. The PSD technique isolates the
ion mass spectroscopy (SIMS) measured on several layers dhsrmal, dark current, and system noise from the measured mul-
shows good agreement with the valuesupbbtained via the tiplication noise. Our noise measurement system has a center
modeling fromC-V measurements. The doping profiles fronfrequency of 10 MHz and 4 MHz bandwidth.

SIMS also suggest that the layers with= 0.026:m and 0.049  Pure electron (hole) initiated multiplicatiof.(4),) was
»#m have a rounded electric field profile, as shown in Fig. Bchieved by shining light of wavelength 442 nm from a He-Cd
rather than a uniform electric field profile, because of diffusiolaser onto the top cladding region of thtip*(ntipt) diodes.

of the p and n-type dopants. The details of the layers are sufire absorption coefficient ofAlycGag 4As at 442 nm is
marized in Table I. approximately 1.08< 10° cm~* [14] and therefore, the light

Devices from all layers show sharp breakdown and low daik fully absorbed in the Lm p*(n™) cladding region. Theh
currents & 1072 A) up to the breakdown voltage, as shown irtladding regions in the two'ript diodes were thinned down
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to ~0.6 um to increase the primary hole photocurrent. The
442 nm light is still strongly absorbed in the Qufn n* cap,
ensuring pure hole injection. Measurements of mixed carrier
initiated multiplication M,..;x were performed on theTipt
diodes using 542 nm light from a He-Ne laser which has an
absorption coefficient of approximately 2:9 10* cm™* [14]

in Alg.¢Gag 4As and therefore, approximately 17.6% of the
light entered the high field region. In thefm* diodes with

w = 0.85um, and 0.049:m A, was obtained without thinning
the pt cladding region but foR/,,,;,, this was etched down to a
thickness of~ 0.3 um so that around 42% of the 542 nm light
entered the high field region.

The small increase in primary photocurrent prior to the onset
of multiplication due to a slight movement of the depletion edge
with increasing bias was corrected for, as described by Woods E I
[15]. The excess noise factdf was determined as in [5], [6] 6 5 10 1
by comparing the shot noise of a commercial silicon pin diode
under unity multiplication conditions to that of the test devices
using the technique described by Bulman [1B]can be ex- Fig. 3. Multiplication characteristics for pure carrier injection with 442 nm

N
o

©e

multiplication factor, M
N w RN [4)] PN ~ =] [(e]

-
N ETINETE IR I

5 20 25 0 35 40 45
reverse bias voltage, V, (V)

pressed as excitation (symbo_ls), mixed carr_ier inje'ctic_m yvith 542 nm excitati@n
and calculated using the DSM with the ionization coefficients and threshold
: energiesEy, .. = 3.4 eV andEy, ;, = 3.6 eV, from [12] (dashed lines). The
F = _teq (2) measuredV/, results are represented by symbols fdp sGag 4As pTint
M2ipr diodes withw = 0.85 gm (o), 0.049um (O), 0.09 um (A), 0.049pm

(V), 0.026um (o) and M, for ntip™ diodes withw = 0.51 pm (W) and

where 0.14um (A), together withA.. for the p-n diodge).

ieq  equivalent photocurrent of a silicon pin diode that pro- 10

k=1.5

duces the same noise power as the device under test; 1

M equal toM,, My or My, 94 s
i, unmultiplied photocurrent. ;
Multiplication and noise measurements were taken from severaly_ 8 g”‘ 5
devices on each layer to ensure reproducibility. 73 ‘3‘
1 2

ll. RESULTS 64 '

The normalized multiplication factor&/, and M}, up to 10
are shown in Fig. 3 although multiplication factors of between
9 to 25 were obtained in all layera/,,,;, results for the pin™
diodes withw = 0.85um and 0.049:m and for the mip*
diodes are also shown in Fig. 3/, is slightly lower than
M, in the ptint diode withw = 0.85.:m but these are almost
identical in the thinner pint diode withw = 0.049,m and
the ntip™ diode withw = 0.14 zm. In the thicker riip™ diode
with w = 0.51 um, M,,,;, is slightly higher than\{y,. M, for the
p-n diode which breaks down at a reverse bias of 14 V is also
shown in the same figure. Fig. 4. Excess noise factoF, measured (symbols) and calculated (lines)

The measured pure electron initiated excess noise f Or,using the DSM with ionization coefficients and threshold energies from [12]
P akl for Aly 6Gag 4As pTinT diodes withw = 0.85um (o, dashed line), 0.4Am

from the pFin+_ diodes is shoyvn in Fig. 4. The excess noise fago gotted line), 0.09:m (A, dash-dotted line), 0.048m (V) and 0.026:m
tors for the thickest layer, withy = 0.85;:m, fall close to the (o). Thin dotted lines are curves calculated from (1) for varibuglues from
curve calculated fok ~ 0.4 from (1). Asw was reduced suc- 0 to 1 in steps of 0.1. The excess noise factors from mixed carrier initiated
. ’ ) multiplication (closed symbols) and from pure electron initiated multiplication
Ce?’S'Vely to 0.4@m, 0.09um, 0.049:m and 0.026 m the eXCesS(gpen symbols) for the layers with = 0.85 (s, 0) xm and 0.049:m (¥, V)
noise factors were found to decrease and fall close to the calat-also shown in the inset.
lated curves withk ~ 0.36, 0.21, 0.17 and 0.10, respectively.
Mixed carrier initiated excess noisE,,;, results on the pint Fig. 5 shows the excess noise results for pure hole injec-
diode withw of 0.049,m and 0.85um are compared t#}, in  tion of the two rnfip™* diodes withw = 0.51 m and 0.14:m
the inset of Fig. 4 F,.;x was found to be only slightly higher falling on the curves wittk ~ 0.7 and 0.3 respectively, ank.
than £, in the ptint diode withw = 0.049,.:m. However in for the p-n diode falling close to curve with ~ 0.2. As be-
the thicker gint diode, withw = 0.85.m, the mixed injec- fore F,,,;, from the ntip* diodes is shown in the insek;,,;, is
tion produced much higher excess noise, falling on the curlmver thanF, in both n"ip* diodes. For a fixed value of mul-
with &k ~ 1.5. tiplication the difference betweeh,,;, andF}, is smaller in the

excess noise factor,

2 4 8 8 10 12 14
multiplication factor, M
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10 1 o3 PARAMETERS FOR THEIONIZATION COEFFICIENTS AND THE THRESHOLD
1 / ENERGIESUSED IN THE HISTORY-DEPENDENTMODEL TO FIT THE MEASURED
o E sl MULTIPLICATION AND EXCESSNOISEFACTOR IN Alg ¢ Gag.4As
w 81
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P
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3 ]
S Enpe 4.04 eV
3 P S — k=0.1
L Sy v i e Epn 4.40 eV

................................. . k=0

ingly important asv decreases. In thin devices, the dead space
represents a significant fraction of the avalanche region. lon-
ization occurs in a narrower spatial region and the multiplica-

tion process becomes more deterministic, resulting in reduced

Fig. 5. Excess noise factoF;, measured (symbols) and calculated (linesgpread in the random values of multiplication and hence in re-
using the DSM with ionization coefficients and threshold energies from [12] f¢§ ,ced noise [17]_

Al ¢Gag.aAs ptint diodes withw = 0.51 m (I, dashed line) and 0.34m The diff b o dE.(F) b |

(A, dotted line), and”. measurede) and calculated (dash-dotted line) for the e difference betweeth i, an e( h) ecomes larger
p-n diode. Thin dotted lines are same as for Fig. 4 and the inset shows the ex@&av increases in the finT(nTip*). This is as expected

nqi_sefactors_frc_)m pure_hole (clpsed _symbols) and mixed carrier (open symbaghce the dead space is less significant in the Iayers with
initiated multiplication in the mip* diodes withw = 0.51 pm (B, 1) and . N . . :
0.14um (4, A). thicker multiplication regions and the/# ratio dominates
the noise characteristics, as discussed by Mcintyre [1]. There-
fore the mixed carrier initiated multiplication process in the
thinner ntip™ diode. The p-n diode produced very similar reptint(ntipt diodes will result in higher (lowerf,. than
sults for F%. to those of the pin* diode withw = 0.09 um,  for pure carrier injection in the thicker diodes. The values
althqugh it_ has a wider depletion width ef 0.25 zm at high o the print diode withw = 0.85um are lower than those
multiplication values. for GaAs andAly »Gag sAspTint diodes withw = 0.8 zm
[4], which fall on the curves withk = 0.48 and 0.62 in (1)
respectively. The reason for this is not clear at present but may
be due to a larged/w ratio in Aly ¢Gag 4 Asptin™. To assess

The F, and Fj, results clearly show a significant reductionhis we calculated thé/w ratio for M, in GaAs,Alg 2Gag gAs
with decreasingv. F;, for the ntip™ diode withw = 0.14 yum  gnd AlysGagsAsptint diodes withw = 0.8 using the
is only marginally higher tharf, for the p"in* diode with parameters given in [18] and in Table Il. Faf. = 5 the
w = 0.09 m. Note also that',,;x is only slightly higher than corresponding calculated/w ratios were found to be 0.077,
F in the pfin* diode withw = 0.049um and only slightly 0.065 and 0.096, confirming our hypothesis.
lower thanFs, in the n*ip* diode withw = 0.14 ym, despite  |n our earlier work [19] we showed that in pn junctions with
M,yix being almost identical td4, and Mj, in the pfint and  rapidly varying electric fields the noise is reduced further as
ntip* diodes respectively. These results suggest that the naige ionization events are localized in the vicinity of the peak
performance of\ly ¢Gao 4Asp™int diodes withw < 0.1 um  field and thus the impact ionization process becomes even more
is largely independent of injected carrier type and depends pieterministic. The present p-n diode shows low excess noise,
marily onw. Similar excess noise results with electron and holgmilar to that produced by the'int diode withw = 0.09 um,
initiated[rr]lultiplication were observed in GaAs diodes with=  despite a much wider depletion width, for similar reasons.

0.1 zm [5].

To the best of our knowledge the excess noise exhibited by
the ptinT diode withw = 0.026 um is the lowest reported in
GaAs basedpinT diodes. Previous attempts at measutinip The effect of the nonlocal ionization behavior on mean gain
Al,Gay_, As were confined to devices witly no thinner than was discussed by Okuto and Crowell [20]. Since then several
0.05um [5], [6] because the large electric fields in thinner deanalytical [5], [21]-[24] and numerical techniques [17], [25],
vices gave rise to prohibitively large dark currents. In the wid¢26] have been proposed to model the nonlocal nature of impact
bandgapAly ¢Gag 4+ As extremely thin avalanching regions ardonization.
achieved with negligible dark currents, as shown in Fig. 2, andA simple model for a carrier's nonlocal ionization behavior
an extremely low noise figure was obtained in devices witls to set the ionizing probability to zero for a distantafter
w = 0.026 um, as shown in Fig. 4. the carrier is created, where= E),/qL is the ballistic dis-

The reduced excess noise in thin multiplication regions cémnce required to achieve ionization threshold enefgy, in
be explained by the dead space effect which becomes incrahs-electric field,F. After travelling this dead space the ioniza-

12 3 45 6 7 8 9 1011 12 13 14
multiplication factor, M

IV. DISCUSSION

V. MODELING
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tion process is described by the ionization coefficients for elec-The dependence of(F.z.) upon the effective field,
trons(a*(£)) and for holeg5*(£)). This hard threshold dead E.; . is taken as that of the equilibrium ionization coef-
space model (DSM) has been used by several authors [5],félient on a constant electric fieldE, for distances long
[22]-[24]. The DSM has been shown to give good fits to thafter the dead space. This is conveniently parametrised by
measured gains and excess noise factors in uniform electric fied?) = A.exp(—F../F), where A. and E., are constant
structures [5],[6],[27] and so was used to model our measurtting parameters.

multiplication and excess noise results. Using the D8Mand Mcintyre proposed a Gaussian correlation function,
M, were calculated for diodes with of 0.09 um to 0.85um  fo(&) = (2/Aey/7) exp (—(£2/A2)), with a correlation length,
with the ionization coefficientsy*(E) ands*(E), and the ion- A. chosen so that in a constant electric field, &(Eeq o)
ization threshold energies for electrons and halgg,. = 3.4 reaches one half of its equilibrium value(E) after the
eV andE, 1, = 3.6 eV, given by Plimmeet al. [12]. The cal- ballistic dead spacef. = FEu,./(¢E), where By, . is the
culatedM, andMj, for ideal ptin™ diodes withw of 0.09;m electron threshold energy for ionization. As a resulis given

to 0.85um are shown as dashed lines in Fig. 3. by the expression
The DSM modified for nonuniform electric fields as de-
scribed in [23] was used to model the experimental results from (%)
the p-n diode. In a nonuniform electric field)(z) the ballistic Ae = —— - : ®)
dead space is found by solving féin the equation erf (m)

z+d Over the range of electric fields and parameters we consider
Q/ E(z)dr = Ey,. the denominator is of order unity and we take, to a reasonable
xr

approximation,
The DSM is able to give good agreement with the measured

multiplication values forw of 0.09 pxm to 0.85um but gives () = < Eine ) ©6)
values which underestimate the multiplication for the p-n diode. ¢

aE(Q)
The DSM also predicts higher excess noise in thmp diodes . o . .
with w = 0.49 zm and 0.85:m, as shown in Fig. 4. This Sug_so that the correlation length is just given by the dead space in

the electric fieldF({) at position(. This dependence of correla-

gests that a simple hard threshold DSM is not adequate to fin length on position on the trajectory is included in evaluating

count for the nonlocal behavior in our p-n diode. While the hart e effective electric fieldE.q..(z).

threshold DSM correctly predicts a reduction in excess noise P . T
: . ; ) ; .~~~ The probability distribution function for ionization is then
with decreasingv the detailed agreement is poor. It is posmbliiven by

to improve the fit to the experiment results with different value
of ionization coefficients and threshold energies but satisfac- T
tory agreement with both the multiplication and excess noise in pe(2,2) = ax’,z)exp | — / a(z,)d¢| . )
structures with nonuniform electric fields is unlikely. An alter-
native to the simple hard threshold dead space model is thus re-
quired to account for the strong nonlocal effects found in struc- Similar arguments apply to holes. Once the probability of
tures with highly nonuniform electric fields. ionizing for both electrons and holes in this history-dependent
Let a(z’, ) represent the ionization coefficient at positiormodel are calculated the multiplication and excess noise factor
z of an electron injected cold at an upstream positibrc z.  €an be calculated by solving the recurrence equations as given
o(z’, z) will depend on the varying electric field which heatdn [22], [23].
the electron as it travels frond to z, although the effect of the I this history-dependent model, for devices with
field at the more recent points on the trajectory will clearly b = 0.09-0.85 pm, the electric field is assumed to be
more important. Mcintyre [13] recently proposed a method &Pnstant with negligible depletion into the cladding regions
accounting for this ’history dependence’ of the ionization coefhile the SIMS doping profile was used to calculated the
ficient by Supposing that the value O(.’L’l, .’L’) can be described electric field in the two thinnest |ayer3 with = 0.026 pm and
in terms of an effective electric fiel&.g (2, ) at the ion- 0.049um. lonization threshold energidsy, . = 4.04 eV and
ization position;r. Eer «(z', ) is calculated as a sum over thefiu,n = 4.40 €V give good fit to our measured results and are
fields, E(¢) felt by the electron along its trajectory, < ¢ < x, approximately twice the bandgap. The valuesf, ., Eii, v,

weighted by a correlation functiofi., which emphasises the Ae: Fce, An andE.,, whereAy, andE,y, are the constant fitting
carrier's more recent history. Thus parameters of the hole ionization coefficient, are summarized

in Table II. Excellent agreement was achieved for the multipli-

z

T

) cation in all layers as shown in Fig. 6. The calculated excess
Eegp o(2',2) = /E(C)fe(ﬂj - ¢)dg¢, (3) noise is now also in excellent agreement with the experimental
@’ results for all except the two thinnest layers. The calculated

: . . F. in the layer withw = 0.049 um is slightly higher than
where . is normalized to unity by measured but in the thinnest layer with = 0.026 um, the

o0 calculatedF., is significantly higher than the measured. The
/fe(g)dg =1. (4) reason for this is not obvious at present. A small change to the

F electric field profile had no significant effect af, although
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Fig. 6. Comparison between the modeled multiplication factors using tl Iga;' fomifgdafﬁf;?ﬁf%ifggéosr\,(Vsifﬂf E%sééjzlrr;%g?eohgtzx—?%)endent

history-dependent model (solid lines), and the experimental results (symb: 9 um (A). 0.049um (V). 0.026.m (o) and nFip+ diodes withw —
for Aly.sGagsAspTin® diodes withw = 0.85 um (o), 0.49 um (D), 0:51ﬁm ((-))émd o.ﬁ,‘m((ﬁ)' and for thé 3_n diod(e.p). “
0.09 um (A), 0.049um (V), 0.026um (o), and ntip™ diodes withw = ’
0.51xm (M), and 0.14:m (A), together with the p-n diode).

o history-dependent model
B: history-dependent model
a: ref.[12]
B: ref.]12]

it appeared to chang&/. more substantially in these layers.
The discrepancies between the calculated and measured value _ 1e+5 -
of F. may be due to inaccuracies in the parameters given in ™, ]
Table Il at very high electric fields since the peak electric field
in these two layers is> 1000 kV/cm. Note that using different
values ofa and 8 as a result of increasing.;, or decreasing
E.. at fields > 1000 kV/cm could give a better fit to the
measured value dF, in the ptinT diodes withw = 0.026m
and 0.049:m. However, increasing,, or decreasing... will
also result in a higheFy, and lower},;, at the same electric
field. This is not realistic sinc@/. and M, are very similar at
such high fields and consequently, we cannot arbitrarily alter
E4, and E... Therefore, measured data ff., My, F., and io
Fy, are essential in order to obtain unambiguous expressions  4q+2 . ﬁf.l_
for «(F) and3(E). 1e-6 2e-6 3e-6 4e-6

To test the history-dependent model further, we used this inverse electric field, 1/E (cm/V)
model with the parameters shown in Table Il to compare with
the measured data from the highly nonuniform electric fieléig.- 8. Comparison of the fitted ionization coefficients for electromsand
in the p-n diode. Figs. 6 and 7 show the good agreem(%]xﬁes(D) in the history-dependent model with the expression given by [12]

. - . . . . closed symbols).

obtained, although this model predicts slightly higlidy just
below breakdown. The results show that this model is able . - ,
to account for the nonlocal behavior of impact ionizatioﬁhan a simple hard threshold DSM giving better fits to the
in both the uniform and nonuniform electric field structureg)(pe”memaI results.
in all except the two thinnest layers. The history-dependent
ionization coefficients used in this model are also plotted in
Fig. 8 and compared to the expressions given by Plimeher Pure electron and hole-initiated avalanche multiplication
al. [12]. These ionization coefficients are only slightly higheand excess noise measurements were performed on a series of
than those given by Plimmaeat al., obtained using a Monte Aly¢Gag 4As diodes withw ranging from 0.85:m down to
Carlo technique to reproduce their multiplication results i8.026,:m and also on a p-n diode. The excess noise was found
a wide range ofw. Therefore, this model can be used tto decrease a® decreases in these layers in a manner similar
extract the “microscopic” ionization coefficients*(E) and to that in GaAs andAl,Ga;_,As for z = 0 to 0.3 reported
£*(E), which can be used in recursion equation modelingreviously. This is attributed to the increased importance
The correlation function in this history-dependent model alsf dead space as decreases, which results in a narrower
tracks the history of the carriers in a more realistic mannamization probability distribution function and hence a more

me O

le+d 4

ionization coefficient (cm

1e+3 o

VI. CONCLUSION



1316

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 7, JULY 2001

deterministic multiplication process. The p-n diode, which[13] R. J. Mcintyre, “A new look at impact ionization—Part I: A theory
has a highly nonuniform electric field exhibited and very low  ©°f gain, noise, breakdown probability, and frequency respon&&E

noise, is comparable to the excess noise oftinp diode 14

Trans. Electron Devices, vol. 46, pp. 1623-1631, Aug. 1999.
D. E. Aspnes, S. M. Kelso, R. A. Logan, and R. Bhat, “Optical properties

with 0.09 um in spite of having a wider depletion width of of Al,Ga,_,As,” J. Appl. Phys., vol. 60, no. 2, pp. 754—766, 1986.
~ 0.25 pm. The wide band gap afly.cGag.4As enables very [15] M. H. Woods, W. C. Johnson, and M. A. Lambert, “Use of a Schottky

barrier to measure impact ionization coefficients in semiconductors,”

thin structures with negligible tunneling currents to be realized, i sate Electron., vol. 16, pp. 381-385, 1973.
and consequently, extremely low noise can be achieved. [16] G. E. Bulman, V. M. Robbins, and G. E. Stillman, “The determina-
Avalanche multlpllcatlon and excess noise was modeled USIng tion of |mpaCt ionization coefficients in (100) gal“um arsenide Using

avalanche noise and photocurrent multiplication measuremeB&&sE

ahard thr_eshold <_jead space mc_>d_e| and a model thatincorporates 1ans Electron Devices, vol. ED-32, pp. 24542466, Nov. 1985.
the electric field history of an ionizing carrier. The DSM was able[17] D. S. Ong, K. F. Li, G. J. Rees, G. M. Dunn, J. P. R. David, and P. N.
to reproduce the measured multiplication and excess noise qua"_ Robson, “A Monte Carlo investigation of multiplication and noise in thin

pT-I-nT GaAs avalanche photodiode$EEE Trans. Electron Devices,

tatlve_ly butwas unsaUsfactprymtheverythln structures a_ndlnthe vol. 45, pp. 1804—1810, Aug. 1998.
p-n diode. A much better fit to our measured multiplication and18] P. Yuan, C. C. Hansing, K. A. Anselm, C. V. Lenox, H. Nie, A. L. Holmes
excess noise was obtained using the history-dependent model, - B- G. Streetman, and J. C. Campbell, “Impact ionization characteris-

tics of IlI-V semiconductors for a wide range of multiplication region

suggesting that the nonlocal behavior has been appropriately ac-  icknesses 1EEE J. Quantum Electron., vol. 36, pp. 198-204, Feb.
countedfor. Althoughthe history-dependentmodelcangivegood  2000. _ _
fits to measured results without using the ionization coefficient$19 S. A. Plimmer, C. H. Tan, J. P. R. David, K. F. Li, R. Grey, and G. J.

ees, “The effect of an electric field gradient on avalanche nofgmf.

as input parameters, data from both electron and hole-initiated Phys. Lett., vol. 75, no. 19, pp. 2963—2965, 1999.

avalanche processes is needed to provide unambiguous exprgs} V. Okuto and C. R. Crowell, “lonization coefficients in semiconductors:
sions fOI’a(E) and/J(E). A nonlocal property,Phys. Rev. B, vol. 10, pp. 4284-4296, 1974.
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