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Avalanche Multiplication in ALGa _,.As
(x = 0£00.60)

Stephen A. Plimmer, J. P. R. David, R. Grey, and G. J. Rees

Abstract—Electron and hole multiplication characteristics, M.  magnitude ofx and 3 decrease while [4] shows the ratio
and M, have been measured in AlGa; _As (z = 0-0.60) ho- decreases such th@ > « for z > 0.3. Robbinset al.
mojunction pt-i-nt diodes with i-region thicknessesaw, from 1 [5] measuredy and 3 from abrupt one-sided homojunctions

pmto 0.025m and analyzed using a Monte Carlo model (MC). =~ - .
The effect of the composition on both the macroscopic multiplica- with = = 0 to 0.40 and found reasonable agreement with [4]

tion characteristics and microscopic behavior is therefore shown €xcept thatee > 4 for all alloys. In [4], [5] however, local

for the first time. Increasing the alloy fraction causes the multipli- ionization theory was used to deduaceand 3 whereby these
cation curves to be shifted to higher voltages such that the mul- parameters are assumed to vary with solely the local electric
tiplication curves at any given thickness are practically parallel - fia|q \while this analysis can be justified in devices with thick
for different x. The M, /M, ratio also decreases ag: increases, . . . s
varying from ~2 to ~1 as increases from 010 0.60 in av = 1 zem avalanche regions, such that most carriers are in equilibrium
pt-i-nt. The Monte-Carlo model is also used to extract ionization With the field, the avalanche regions of modern transistors can
coefficients and dead-space distances from the measured resultshe < 1 pm [6]. In thin structures or where the electric field
which cover e!eptricfield ranges from~250 kV/cm-1200 kV/cmin g h|gh|y nonuniform, nonlocal effects become important in
each composition. These parameters can be used to calculate thejatarmining the multiplication. Moreover, there is very little

nonlocal multiplication process by solving recurrence equations. . s .
Limitations to the applicability of field-dependent ionization coef- published multiplication data to date from electric fiefels;00

ficients are shown to arise however when the electric-field profile kv/em.
becomes highly nonuniform. We have already shown that the local ionization model (LM)
Index Terms—Avalanche diodes, avalanche photodiodes, hot overestimates th? measured multiplication 'nﬂf@hl—”{AS
carriers, impact ionization, Monte Carlo methods. (x =0-0.30) pt-i-nfswhenw < 0.5 um [7], [8], especially
at low applied voltages. Furthermore, it is incapable of pre-
dicting the excess noise figures of thin GaAs angd@d, _,.As
APD'’s as shown, for example, in [9], [10]. The overestimation
VALANCHE multiplication in Al,,Ga, _,As is important of both the multiplication and the excess noise in thin structures
in semiconductor devices operating at high electric fieldyy the LM has been explained by its neglect of the dead-space
such as heterojunction bipolar transistors (HBT’s) [1] andistanced, where carriers have insufficient energy to initiate
IMPATT’s [2] since it limits the power performance. Accuratgonization. Quantifying the avalanche multiplication process
knowledge of the avalanche multiplication process in thig the presence of significant dead-space effects, however, is
material system is therefore required for a variety of deviget straightforward. Since dead-space has a different effect
design purposes. in each geometry, it causes the local ionization coefficients
Several experimental breakdown studies have been carrieddiffer when they are deduced from photomultiplication
out in Al,Ga,_.As including the first measurements of theneasurements on thin devices with different electric field
breakdown voltages in one-sided junctions over the allgyofiles. One attempt to circumvent this problem involves
composition range = 0 to 0.27 by Yeh and Liu [3]. Daviét presenting a different parameterized form for the ionization
al. [4] measured the electron and hole initiated multiplicatiorgoefficient deduced from each measured device in the manner
M. and M, respectively, in P-N-N* heterostructures with of Lennoxet al. [11]. However, the accuracy of interpolating
Al Ga_,As (z = 0 to 0.60) high field regions and GaAsor extrapolating these data to model general device geometries
cladding regions. They deduced the electron and hole ionizatisrstill unclear. Another approach has been to modify the LM
coefficients, which are the mean of the inverse distance betwderinclude dead-space by changing the limits over which ion-
electron and hole ionization collisions, and /3, respectively. ization is assumed to occur in the multiplication region (see for
Both these works show that as the composition increases ex@mple [6], [12]). However, this treatment still does not fully
account for its effect as shown in [13] while it is also unsuitable
for calculating the excess noise figure of a thin structures,
where the results are determined by the spatial distribution of

Manuscript received October 8, 1999; revised October 8, 1999. The theoliginization events [10]. Consequently, the ionization coefficients
ical work was supported by EPSRC (UK) Grant GR/L71674 and the experi- , .. . . . .
mental work was supported by DERA, Malvern, U.K. The review of this pap&UbIIShed to date are mappllcable to submicron devices.
was arranged by Editor J. N. Hollenhorst. A rigorous account of dead-space effects can be made by
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s.aplimmer@sheffield.ac.uk). which allows both the multiplication and excess noise to be
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[14], [15]. These coefficients are defined as the ionization prob- 1079 ¢ ' il
ability per unit distance experienced by an electron or hole, re- 3 :
spectively, after travelling for the dead-space distance. Unlike
the local parameters which depend on the device geometrywhen ~ 10*
dead-space becomes significant, the “microscopic” ones are al-
ways device independent, which allows the avalanche process to
be quantified unambiguously. The recursive technique accounts
for the fact that all carriers must travel for a dead-space distance
before they are able to initiate ionization. Consequentiyand
B* are generally different tex and 2 but the relationship be-
tween them is not straightforward. Since experimentalists have
not used this recursive technique to analyze their results to date, ‘
no reliable data exists which can be used for calculations of the 107 ¢ /
avalanche multiplication process in sub-micron devices. More- i
over, itis apparent that these differences between the “local” and I /
“microscopic” ionization coefficients and their applicability to 10 - :
different models has led to some confusion in the literature as
described in [13], [16]. Applied bias (V)
In this work we deduce the device-independent ° m|cr

. Three measured photocurrents (open symbols) and a measured dark
scopic” ionization coefficients and dead-space distances er[ﬂrem (lines) from the AlsoGay_ 40 As samples witho = 0.5 zm (0, — —)
previously measured multiplication results on, Bl _,.As andw = 0.05 um(V, — —). Also shown are a typical photocurrert) and
(0 < x < 0.3) pt-i-nt diodes as well as a new series offark current (- - -) measured froma = 0.05 um GaAs device.
Alg 60Gay 40As pT-i-nts with i-region thicknessesy, from

1 pm down to 0.025:m. This is done with the aid of an MC field profile, the i-region thicknessy, the P+ and N+ cladding
model where the history of carriers is explicitly accountegoping levelsp and n, and the unintended i-region doping, i,
for, instead of either a local model or one of recursive techyere deduced by adjusting these parameters in a solution of
niques discussed above, where position dependent ionizatdlsson’s equation to fit the measured capacitance-voltage
probabilities are assumed to depend on the local electric fiefs—\) profiles from all layers. The accuracy of the results
This combination of extensive measurements on 31 layers aggs verified by secondary ion mass spectrometry (SIMS)
the MC analysis allows the effect of composition on both th@easurements on some of the devices from which we estimate
bulk and the nonlocal multiplication behavior to be quantifiedhat w can be obtained to within 1-2% certainty and p and n to
accurately for the first time. The effect of composition on thgjithin 10—-50%.
microscopic multiplication process is also illustrated. The dataTo measure the photomultiplication characteristics them-
can be used with the recursive technique described previou&yves, the Wa\/e|ength of ||ght was chosen to ensure that
to give the multiplication properties in devices which acceggactically all photons are absorbed in the cladding regions and
electric fields about double those conventionally covered Ipye primary photocurrents are therefore purely electron-type
published photomultiplication measurements. We also illustrase hole-type. (633 nm light was used in GaAs, 542 nm light
general limitations to the applicability of these data. was used in AJ.15Gay.s5As and 442 nm light in AlGa,_,As
(z = 0.3 and 0.6)). To ensure only the multiplied primary
photocurrents were measured, the incident light was chopped
and the resulting a.c. photocurrent was detected using a lock
The growth, fabrication and characterization procedur@s amplifier. Measurements were undertaken on each layer at
for AlgeoGay.40As were very similar to those describedorimary photocurrent levels of between 50 nA and;o® to
Al.Ga_,As (x = 0 — 0.30) as explained in [7], [8] and confirm the absence of effects due to space-charge or diode
so only a general resume is given here. To study electrmsistance. To obtaid/. and M,;,, the measured photocur-
multiplication, homojunction p-i-n*s were grown with alloy rent-voltage curves had to be corrected for a srfrll 1%)
compositions: = 0, 0.15, 0.3 and 0.6 and i-region thicknessescrease in the photocurrent as the bias increased from zero to
ofw =1 pm, 0.5um, 0.1xm, 0.05;m, and 0.025:m using that corresponding to the onset of multiplication. This effect is
conventional solid-source molecular beam epitaxy. To studye to the increase in collection efficiency which arises when
hole multiplication, via-holes were etched into the substrate thfe depletion region extends into the contacts with increasing
some devices to allow optical access to the n-regions for thms as described by Woodsal.[17]. Reproduciblél/, and/or
injection of primary hole currents. However, this sometimes!;, curves were obtained from all diodes.
caused the devices to degrade as evidenced by increaseMrange of the measured photocurrent characteristics fromthe
dark currents. Moreover, the hole quantum efficiency in the = 0.5 ym and 0.09um Al 0 Gay.40As pt-i-nts are shown
Alg.60G&.40AS samples was found to be very low leading tin Fig. 1 along with a typical dark current,, from 200 zm
low photocurrents. Therefore, hole multiplication was alsadius devices showing that this is several orders of magnitude
investigated by growing severai r-pts. Because avalanchelower than the photocurrent. Also shown on this plot for compar-
multiplication characteristics depend critically on the electrison are a typical photocurrent and dark current measured from
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Fig.2. M. from AlgGasoAs pT-i-nTswithw = 1 um(o),0.5pm(0),0.1 Fig. 3. The total voltage (including the built in voltage) at breakdown (filled
pm(A), 0.054m(V), 0.025(<>) andM,, from n*-i-p+s withw = 0.5 um symbols) and the onset of measurable multiplication (open symbols) versus
(m) and 0.1zm (4). Also shown are measuret/, from GaAs ( ) and i-region thickness for the investigated compositions. The different symbols
Alg.30Ga.70AS (- - -) pr-i-nts withw = 1 gm, 0.1um and 0.025um as represent the different alloy fractions: = 0 (o,e), z = 0.15 (O, m),
labeled on the graph. z = 0.30 (A, A) andz = 0.60 (<, 4). Lines are to guide the eye.

, , . Alg30Gay 70As pt-i-nT is approximately 15% higher while it
thew = 0.05m GaAs p-i-nt. These data illustrate th d. 08072707072 _
ew pm Sp-in ese data Iustrate the rap! is 30% higher in an AlgoGan.10AS pt-i-nt.

increase inl; which was seen in the ultrathin GaAs structure Thi himolies that th ltivlicati f t of
due to tunnelling and the much lower dark currents in devices IS graph Impfies that the mulliplication curves Irom a set o
ual thickness devices of various compositions will be approx-

of the same thickness but with a wider band-gap. After normald . )
ization, the three photocurrent curves from the &Gay 10As imately parallel. However, to extract further information about

w = 0.5 um device and the three from the 0.08 device in the ionizat_ion process, it is necessary to model the measured
Fig. 1 are indistinguishable as shown in Fig. 2. THe (M) rgsults whlle accurately accounting for the effect of the electric
from the other investigated'pi-nTs (m-i-p*s) of this alloy fmld. prpﬂlgs. Ithas be.‘?” shown by.Sc_robham and Tang [18] that
composition are also shown in Fig. 2 along with the measurg21e lonization prpbablllty at any pointina structure dependg not
M. characteristics of the GaAs andoAbGa, oAs pH-i-nts  On the only the field at that point but also the effect of the field
which havew = 1 um, 0.1,m and 0.025:m for comparison. on 'Ehe carrier dls_trlbutlon funct_lo_n f_;\t previous points in the car-
In the GaAs devices withy < 0.1 zzm, the tunnelling currents rners h.IS'EOI‘y. This means that it is mapproprlate to use_mqst (.Jf
limited the highest measurabld. to ~ 5. By contrast, in the analys!s procedures q;gd to date which assume that |on|zat.|on
ultrathin Al,Ga_,As (= > 0.3) diodes where tunnelling ef- coefficients or probabilities depend only on solely the electric

fects are insignificant, multiplication values of typically 15—3(?'e|d' It IS necessary |_nste_a_d to_ use a Monte Carlo model where
could be achieved. The effect of composition on the multipl he carrier history is implicitly included.
cation cannot be concluded from Fig. 2, since there is no clear
trend in the results. This is because there are small but signif-
icant variations in the field profiles of devices with different ~ Modeling of the measured results would ideally be carried out
but the same nominas. It indicates that the electric field pro- using an MC model that incorporates realistic band-structures,
file should be accounted for as accurately as possible and thus these are highly computer intensive and consequently im-
motivates the use of the Monte Carlo model. practical for our purposes of fitting to measured data. Therefore,
A clearer trend can be seen in Fig. 3 where the total breake use an MC model described previously in [16] where the
down voltage V4, including the built-in voltage (which is as- transport is described using effective dispersion relations which
sumed to vary linearly with: from 1.2 V in GaAs up to 1.65 take the formE(1 + o. E) = h?k?/2m* whereE is kinetic
V in Alg 60Gay.40AS) is plotted againsty, as determined by energy,«. is a nonparabolicity factok is wavevector andh*
modeling the measure@-V profiles for all diodes. The rela- is the mass at the valley minima for both electrons and holes.
tive change inV;,4 with z is practically the same for any given(This model is different to the one we reported in [30] which
thickness. Furthermore, the total voltage corresponding to theed parabolic effective dispersion curves and, consequently,
onset of measured multiplication, defined arbitrarilydds = slightly overestimated the increase in multiplication with bias.)
1.0024 for consistency, scales with the composition in a similahe masses and nonparabolicity factors are adjustable parame-
way such that the relative effect of changing the alloy fracticiers that were chosen to reflect a “realistic” average mass versus
appears similar for all thicknesses (also shown on Fig. 3). Coawerage kinetic energy relationship. In all composition$,=
pared to a GaAs device of the same thickness,Wheof an 0.4m, wherem, is the free electron mass while valuesaf

I1l. M ONTE CARLO MODELING
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.1:_

-2:_

1 2 3 4 5 6 7 8 9 1.5 2 3 5 7 10 15 20
Applied bias (V) Electric field (x10"V/m)

Fig. 4. MC fit (symbols) to measured/. (lines) in the submicron rig 5 \c-simulated\Z. (open symbols) andZ;, (closed symbols) curves
Alo.50Gay.70AS (closed symbols, —) and AboGan.40As p*-i-n*'s (0pen  pioted adn(A — 1) for ideal pr-i-nTs of GaAs (——), A 30Gay -0AS (—
symbols, - - -) withw = .0.1 um (A, A), 0.05um (V, V),_and 0.925 —), and Ab 50Gay.40AS (- - -) Withw = 1 gm (O,.), 0.1um (A, A), and
pm (&, 4). Inset are the fits to Me for the Al Ga.70As pT-i-nts with 0.051m (V, V).

w=1pm(e),0.5.m (M), and 0.1xm (4) to illustrate the fit quality across ’

the range of diodes.

] ] be correctly predicting the dead space and the ionization proba-
varied between 0.35 and 0.43. A parameter that describes gnﬁy_ In [16] we also showed that this model reproduces the

coupling strength of the phonon scattering rate was also adjusﬁ%‘ltiplication results in heavily doped GaAs m junctions

to allow exact fits to the measured multiplication data. The i0yhich means that it must also correctly account for the car-
ization rate is included as a scattering mechanism for enekiesier's history when the field is highly nonuniform. Whereas dif-
greater than the minimum threshold energy for ionizatii,  ferent combinations of adjustable parameters in the MC model

and takes the form used by Stobiteal. [19] can give the same mean ionization coefficients (i.e., the mean
E_E, 4 distance between ionization events) and replicate the multipli-
R, =Cy {T“} (1) cation characteristics in thick bulk structures, this is not true in
th

submicron structures. The low multiplication characteristics of
whereFEy, is taken to be the average band-gap of the first codiodes withw < 0.5 um are particularly sensitive to the choice
duction band of the material defined after Allam [20]8s, = of parameters, since these control both the magnitude of the
1/8Er + 4/8E; + 3/8Ex whereLEr, Ey, andEx are the en- dead-space and the way in which the ionization probability in-
ergy gaps from the valence band minima to tle4Z and3X creases with increasing distance before reaching an equilibrium
conduction band minima, respectively. The ionization softnegalue. This result indicates that the only way that our model can
factor C;; is another fitting parameter to experiment which iseplicate the measured multiplication is by giving the correct
in the range from 3.6< 10'®/s to 4.2 x 10*3/s in reasonable ionization PDF’s, which include the dead-space values.
agreement withab initio ionization rate calculations [19]. In  Once the model parameters have been determined by fitting
[16], we report this model’s ability to accurately simulate théo experiment)M. and M, were calculated for ranges of ideal
avalanche process by it closely fitting the measured multipli=-i-nts to more clearly compare the effect of the alloy compo-
cation curves in GaAsi-nts with w as thin as 0.02xm sition. These data for = 0, 0.30 and 0.60p-i-nts withw =
and pt-n junctions doped to 2.2 107 cm—2. The model can 1 ym, 0.1;:m, and 0.05:m are given in Fig. 5 to show that the
similarly reproduce the measurdd. and M, curves in sub- effect of increasing the alloy fraction clearly shifts the multipli-
micron Al,Ga _,As (z = 0.15 to 0.60) devices as shown incation curves to a higher applied electric field at each thickness.
Fig. 4 where data are plotted for the= 0.30 and 0.60 diodes The same trend can be seen fag and M, but at any given
asln(M, — 1) to emphasise the agreement for multiplicatiom the M. /M, ratio is closer to unity for a higher composition.
values as low as: 1.01. The shift in the multiplication curves which occursiashanges
Since thisis a simplified transport model, itis important to erfrom 0 to 0.3 is very similar to the one wherchanges from 0.3
sure that the model is not fitting the multiplication by producingp 0.6, indicating that the electron multiplication is not signif-
errors in the dead-space which are compensated for by erroricamtly affected by the semiconductor becoming indirect when
the subsequent ionization probability. For a given®@& _.As z > 0.42[21]. In fact, the breakdown voltage of the simulated
composition, if we compare different width devices at the sanmeal pt-i-nts was found to be practically proportional to the
electric field, the dead space to avalanche region width raBwerage conduction band enerdyy,, for all thicknesses sug-
would vary. However, the excellent agreement between the Mg@sting that the whole Brillouin zone affects these results rather
model and experiment strongly suggests that the model mtisin simply the minimum energy gap.
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IV. DISCUSSION N T
L w=1um
In this discussion, we believe that associating the effect of L o 1
alloy fraction on the multiplication with changes in the indi- _ 10 =" R LY Y~ 5
vidual material parameters in the Monte Carlo model would § [ -v-—~.-\, ..... d ]
. . . | L A vid NP ., é ;
be inappropriate because these parameters are only applicable 2 5 ! < i
within the confines of this simplified model. Nevertheless, the ] AN
fact the model clearly replicates the multiplication processes in )
. . . _ 00 | L \ | L L 1
Lh:réj(ljﬁerent materials allows the properties of these to be com 0.00 025 0.50 075 00
. 14 T T T

The simulated ideal p-i-n* results show that the effect of
composition contrasts with the conventional one described in
most solid state text books since Sze and Gibbons [22] whereby
Via varies linearly with the energy gap of the minimum valley.
Because Vbd continues to increase for compositions with
0.42, it is consistent instead with the description of the ioniza-
tion process by Allam [20]; the carrier momenta of the initiating
particles is argued to be completely randomized suchithat
is determined by the average of the conduction band minima
energies which represent the final electron states. The results Distance along device (km)
of Figs. 3 and 4 also contrast with the results of Herle¢wl.

I[23] where theV,q in GaAI\s anﬁl Sihwis preo(l}:cted to becom%g.l%ndzosit:)orll %p(et:git?;; iggtz)a;oPniosegitC\iﬁnts i? égml;teldzar;n(éotﬁe
ess sensitive to material as the thickness decreases. By =0 N e = <
trast, changing by a given amount in AlGa _,AS causes’ 02$2$:te%23;£§é' ncioated onthe plot oS E)
to be changed by a similar fraction for any given thickness of

Toi-nt.
P The results of Figs. 3 and 4 may be surprising considering tf{F19- 6 is that the effect of composition appears small given the
as the average band-gap and thus the ionization threshold arf@f9€ range of ionization coefﬁqent values covered by the two
become larger: one might expday; in thick and thin structures plots. For all three sets of data in the= 1ur_r1 plot, the electron
to show a markedly different dependence on the alloy fractioi€ad-spaced., marked on the plot occupies about 10% of the
However, the phonon energy and the strength of phonon s vice to the Ie_ft of the plot for a_II composmor_ws. For distances
tering also increase in such a way thatepresents a smaller 9réater than this dead-spaed;r) increases quickly to assume

H —3
fraction of the mean distance between electron (hole) ionizatiBfl @PProximately constant Yalue o_f><]'.106 cm™ for the rest
collisions. Consequently, the effect of changinis not readily of the structure. (The “local” description of a constant value is
apparent. The role of dead-space was therefore examined by thgrefore a reasonable approximation for electrons in this thick-
culating the spatial ionization coefficients for different thick €SS Of p-i-n*). However, holes that move from right to left
nesses of idealpi-n* at a constant multiplication. These codiVe rise to plots of3(x) which are somewhat different from

efficients are evaluated from the fractional change in the spatidf 1ocal” behavior. Specifically, the hole dead-space distance,
current flux,.J (), by the expression (for electrons) dn, can be seen at the right of the plot {t:) exhibits a more
gradual rise as holes travel at distances lessthand;,. While

the primary electrons in Fig. 6 are injected at the peint 0,

_ 1 [d‘]e(x)} ) the secondary electrons and holes are created at various points

Je(x) dx | electron throughout the device from = w to z = 0. The dead-space

for the average secondary carrier therefore represents a bigger

with a similar expression for the hole coefficieft;x), interms fraction of the distance between its creation point to the point
of .J,,. Itis noted that in (2).J. (x)/dx refers only to the change where it is collected than for the primary electron, consequently
in J.(x) due to electron ionizatiobetweenr andx + dz and itis more likely to exit the structure without ionizing. However,
is not therefore the same as #é.(x)/dz term that appears in since electrons are injected, the secondary electrons represent a
the current equations. We describe the behavior of thés@s smaller fraction of the overall electron current than do the sec-
and3(x)’s in terms of nonlocal effects in detail in [16] whileondary holes as a fraction of the overall hole current. Conse-
their significance is that they are the coefficients which alwaypiently, the effect of dead-space on secondary electrons affects
return the multiplication when used in the current equations. tf(x) less than the effect of dead-space on secondary holes af-
a purely local model without modifications for dead-space efects3(x). To ensure that the slow rise ji#(z) is indeed due to
fects, bothy(z) andg(x) are assumed to be constant in an idedhe effect of dead-space being greater on the coefficient of the
pT-i-nT. For a constant value of multiplication, these paramearrier type which was not injected a simulation was also car-
ters are plotted from the MC model in Fig. 6 for three= 1 um  ried out by injecting pure hole primaries@at= w. The resulting
and three 0.Jum ideal p™-i-nts with> = 0, 0.3 and 0.6 with plots of «(x) and 8(z) mirror the results in Fig. 6 except that
electrons injected at the left. The electric fields have been chogbkair shapes are reversed: the risg{m) to its saturated level
such thatM, = 5 in all cases. The most striking overall featurafter the hole dead-space mirrors that«f) in Fig. 6 while the
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rise in«(x) after the electron dead-space is gradual. This resdikad-space effects cause the local ionization coefficients to be
indicates that the slow rise in the spatial coefficient is a featugenerally reduced below “microscopic” values by dead-space
of the opposite carrier-type to that injected, rather than speciiffects. In [16], we showed that “local” coefficients were heavily
cally holes. dependent on the thickness of the high field region as well as the
Nonlocal effects are more significant in the Quh structure field, £, for ' > 500 kV/cm and so we termed these as “effec-
as shown in the bottom plot of Fig. 6 whede (=~ d;) now tive” rather than “local.”
represents about 50% of the overall device thickness. The dein this work, we address the ionization coefficient which
vice is now so thin tha8(z) is not able to attain an equilibrium should be used in the class of techniques that use microscopic
value within its confines. Moreovesy(z) slightly “overshoots” ionization coefficients in a solution of recursive equations [14],
its constant value for distances greater thlanThis is inter- [15] or an equivalent method which uses a random number
preted as due to ionization by primary particles which initiatgenerator described by Onet al. [25]. These techniques use
ionization without undergoing significant energy relaxation dhe concept of the ionization probability distribution function,
very high electric fields [16]. The carriers consequently ionizeDF, which is the probability that a carrier which is created or
coherently around the peak if{x). Because the phonon scat4injected a distance = 0 ionizes at a distance downstream.
tering rates and phonon energies are greater jfGal_,As PDF’s are effectively histograms of the distances from creation
(z > 0.3) than GaAs, the greater energy relaxation means ttieat a carrier ionizes for the first time. For electrons, the PDF is
overshoot behavior is most pronounced in GaAs. given in terms ofx* by
Despite subtle differences between alloy compositions in
Fig. 6, the microscopic pictures shown here with the data in  PDR.(z) =0  z<d;
Figs. 3 and 5 suggest that the effect of increasing composition . S "
in Al ,Ga _,As (x = 0 — 0.60) can be summarized as effec- PDF.(z) =" exp {_/d @ dz} ' z>d; (3
tively shifting the multiplication process to a higher electric ’
field for a diode of any given thickness. The multiplicatioryvhile the same relations hold for the hole PDF withanddj,
characteristics are effectively displaced along the electfigPlacinge™ anddy, respectively. Equation (3) assumes that the
field axis for differentz by a factor which is approximately ionization probability of any carrier is zero for its dead-space
proportional toE,, . distance after injection and ionizes with the probabilitydfd >
A similar Comparison to the one we make here between dif]. each distance incremedt until it initiates ionization.o*
ferent alloy fractions of AlGa;,_.As was made between the(8") is obtained in a straightforward way from a “Monte Carlo”
measured curves from GalnP and GaAsim*s by Ghinet al. ionization coefficient, which is the probability per unit distance
[24]. That work showed that at a constant field the local ior2f electron (hole) initiated ionization in a uniform electric field,
ization coefficients deduced from the GalnP devices were legsic (Brc). The Monte Carlo coefficients are obtained by
affected by dead-space than those from the GaAs devices. In #i1g the Monte Carlo model to simulate a single carrier in a
respect, we also find the dead-space to be less significant asifi@ite region of uniform electric field; their magnitude being
composition and the average band-gap increase. For examff1g,inverse mean distance an electron and hole travel between
at 500 kV/cm the ratio of the dead-space to the mean distarft£cessive ionization events' is given fromev ;¢ by splitting
between successive electron ionization events is 47% in Gaf¥ distance /ay; ¢ into a dead-space part from= 0 to dg
20% in Al 30Gay 70As and 13% in Ab soGay 10As. As the av- Where ionization is prohibited and then attributing the rest of the
erage conduction band-gap and thus the ionization threshold &#ization events to distances beyond the dead-space,d;,
ergy of a semiconductor increases, it therefore appears thatHere carriers ionize with a spatial probability leading to
absolute dead-space distance increases at any given field but 1 1
the dead-space generally becomes a less significant fraction of — = =d; 4)
the mean distance between ionization events for a given elec- @ amMe
tric field. This leads to the local model being more successful The same relation holds for holes in termst 3y, and
in predicting the multiplication in materials with larger averagg; . The Monte Carlo coefficients, which are also device-inde-
band-gaps than those with narrow band-gaps for a given thiglendent, are parameterized in Table | and plotted in Fig. 7 to
ness of device. In [24] for example, Ghet al. were able to show their decrease with increasing For all compositions,
use a local model to reproduce the measured multiplicationdn,; > /3, although thexy,c/ B c ratio decreases toward
GalnP devices as thin as QuIn whereas the local model un-unity asz increases. The symbols on this plot denote calculated
derestimated the multiplication in a GaA$-n* of the same data points and the lines denote the parameterised expressions
thickness because of dead-space effects [7], [16]. of Table I. Where PDFT'’s have been used to date, the electron
(hole) dead-space distances are expressed in terms of an effec-
tive threshold energyey;, (., (£}, ;,)), which is the minimum
potential energy carriers must gain from the field to initiate ion-
The importance of differentiating between the ionization cézation. We maintain this convention here so that in a uniform
efficients that enter the recursive equations and the local coeffeld, I, d; = E3, ., /qF for electrons and} = E};, ,,,/qF
cients that are conventionally deduced from photomultiplicatidor holes. To preéict the effect of dead-space on the perfor-
measurements is described by both Lacaita and Spinelli [I8ance of GaAs APD, Hayat al.[15] assumed.};, to equal the
and Plimmeret al. [16]. This distinction is necessary becauseinimum threshold energies where the ionization rate increases

V. I0ONIZATION COEFFICIENTS
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TABLE |
PARAMETERS FORMICROSCOPICELECTRON (HOLE) IONIZATION COEFFICIENTSEXPRESSED Asa(f3) = A - exp(—(B/F)¢), WHERE F IS THE ELECTRIC FIELD.
DEAD-SPACE DISTANCESARE ALSO GIVEN FOR ELECTRONS(HOLES) IN TERMS OFEy), .y (E7), (;,y) AS DESCRIBED IN THETEXT

low F < 6x10"V/m high 7> 6x10"V/m

Alloy,x | Type | En* A B C A B C

0.00 a 3.1 |422x107 [ 7.09x107 | 1535 |[2.77x10° | 4.10x10° [ 0.60

B 33 |5.89x107[8.89x107 | 1402 [227x10°{3.12x10° | 0.687

0.15 a 32 |3.36x10° [235x10°| 1.0 [1.26x10°|1.80x10*| 1.0

B | 34 [364x10°[252x10°| 1.0 |143x10°[2.00x10° | 1.0°

0.30 a 34 [3.07x10°[236x10°[ 1.0 |127x10°|1.84x10*| 1.0

B | 36 [343x10°[253x10°| 10 [1.36x10°[1.99x10°[ 1.0

0.60 a 3.4 |347x10° [ 2.82x10°[ 1.0 | 1.39x10°{227x10°| 10

B 36 |3.08x10°[2.86x10°| 1.0 |[148x10°[238x10°| 1.0
108 1T T 12 ¢ : =
' 1 E
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Fig. 7. aMC (open symbols) and,, (closed symbols) in GaAéo,e), Fig. 8. Comparison of the GaAs MC-simulatéé, (——) andM,, (- -) and
Alg30Gan.70As (A, A), and Ab.soGa.40As (,4). Lines denote the the PDFT-calculated/. (open symbols) andZ, (filled symbols) for a range
parameterized expressions of Table I. of ideal p™-i-n*s with the i-region thicknesses labeled on the plgtin.

from zero,Ey, (Ey, () = 1.7€V andEy, ,, = 1.6 eV) while tained ina which causesryc > « so Liet al.would have

Li et al.[26] fitted the same theory to measured multiplicatioto use a value ok}, that was below its real value to reproduce
and noise data and four;, ., =2.1eVandE,,, =23eV the correct overall multiplication. Let al. also assumed ideal
which represents about 1.1 timEg,. In contrast, Spinelletal. p*-i-nts in fitting to the measured data whereas our calcula-
[27] calculatedty, _, andEy, ., in Siusing a full-band Monte tions show that a relatively significant voltage can be dropped
Carlo model and found their values to be 3 eV, about 2.5 timasthe depletion region of thin structures. To validate that the
FEy,, while realistic band-structure calculations also predict thdata in Table | indeed quantify the multiplication correcfiy,
most carriers in GaAs contribute significantly to ionization onlgnd AZ;, were calculated using the recursive technique in [14],
once they have gain energies3 eV as shown by Jungt al. [15] for the range of ideal b-i-n*s in each composition and the
[28]. In Table |, the values ok, ., andEy, ;) which we ob-  results were compared with those from the MC simulations. The
tain from the ionization PDF’s in the same way as in [27] aragreement was excellent when> 0.1 xm in all compositions

also almost twice the minimum threshold energy;,, used in and so, for brevity, is illustrated only for GaAs in Fig. 8. Only
(). One might then question how kit almanaged to fit the small differences are evident@f. andM;, < 5forthe thinnest
measured results in GaAs using significantly lower values 6f05.m structure which are attributed to the assumption that the
E},: We believe that this was because of their choice of iolead-space can be modeled by a step-function as described by
ization coefficients. They obtained* by assumingxy;c = «  (3). Inreality, the ionization probability turns on more gradually
and using (4). However, dead-space information is already caver about 200 A as seen in Fig. 6. MoreovB},, is slightly
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' ' field is difficult to circumvent with the recursive technique
since it would require different PDF's to be tabulated in the
computer program for each point along each new electric field
geometry encountered. Since these would most probably have
® to be computed by a microscopic model beforehand, it might
1x10%cmbP prove more computationally efficient to use a simple Monte
Carlo model, such as those described in [16], [30], for such
purposes. The errors from the recursive technique calculations
in Fig. 9 represent a limitation to the accuracy of usirfigand

#* that depend only on the local field. However, further work
is in progress to develop a practical description that allows the
effects of field gradients to be accounted for when using field
dependent ionization coefficients. Cleaiy, ands* will need

to account for some memory of the carrier history when the
field gradient is appreciable.

Electron multiplication

10 15 20 30 40 50 80
Applied bias (V) VI. CONCLUSIONS

oo G _ e AL Ga. - AS 11 eulated using th A combination of accurately measured multiplication charac-
L SRS o e B A i e et g e eristios and an MC model have been used to extract the effectof
three PN junctions where the n-doping isd. 106 cm—2 (s), 5 x 10t cm—¢  alloy composition on the avalanche multiplication properties of
(W), and 1x 10" cm~* (A). The n-doping values are also indicated on theAl .Ga, _,As (z = 0—0.60). The main effect of increasing x is
plot in ¢ to displace the multiplication curves to higher electric fields for
any given thickness. Both the relative change in the breakdown
larger & 10%) for primary carriers than the values given irvoltage and the voltage at the onset of measurable multiplica-
Table I, since secondary carriers can have significant excess#®n is similar for a given change in alloy fraction. The abso-
ergy at their point of creation, but only one the valugsf was lute dead-space distance increases with increasing alloy frac-
used to give the data in Fig. 8. Both of these assumptions |giah. However, relatively less significant deviations from the
to the PDF description of (3) slightly overestimating the electrlocal data are expected from materials with high alloy fractions
field corresponding to the onset of measurable multiplication &nd wide average band-gaps, since the dead-space distance rep-
ultrathin devices. resents a smaller fraction of the mean distance between ioniza-
Whereas the “microscopic” ionization coefficients can bton events.
used to calculate the multiplication in ideatt{-nts, the Device-independent ionization coefficients are deduced for
applicability of these data to structures where the field vari#de first time, which are the inverse of the mean distance be-
rapidly is unclear. As mentioned previously, this is because thgeen ionization events in an infinite region of electric field.
ionization probability of a carrier at any point depends on ifsrom these, the multiplication properties can be calculated for
history. The effects of field-tapers within a local model have™-i-n*s of an arbitrary thickness using a recursive technique.
already been identified by other authors including Beni artdowever, the assumption that these parameters depend solely
Capasso [29]. The assumption thgtand/3* depend solely on on the local field causes errors when the electric field profile
the local field in the recursive technique would also be expectéécomes highly nonuniform.
to become less accurate when field nonuniformity causes
carriers to ionize at positions where they are not in equilibrium
with the field. To estimate the potential error from neglecting
the effect of carrier history, calculations of Me were carried The first author is especially grateful for useful discussions
out of for a range of abrupt one-sidedoAhGa 7cAs PFN with P. N. Robson from the University of Sheffield and D. C.
junctions doped at i 10 cm™3, 5 x 10 cm2 and 1x Herbert at DERA.
10'” cm—2 using the MC model and compared with those pre-
dicted by the recursive technique. Since the recursive technique
uses microscopic ionization coefficients, its implementation
implicitly assumes that the probability that a carrier will ionize [11 J. J. Chen, G.-B. Gao, J.-I. Chyi, and H. Mork@reakdown Behavior
. . of GaAs/AlGaAs HBTwol. 36, no. 10, pp. 2165-2172, Oct. 1989.
at a distancez, wherez > d*, depends solely on the electric [2] M. J. Bailey, “Heterojunction IMPATT devices/EEE Trans. Electron
field at>. The results are compared in Fig. 9. As expected, when  Devicesvol. 39, no. 6, pp. 1829-18348, Aug. 1992.
the field gradient is not appreciable the recursive techniquel3! C. Yeh and S. G. Liu, “Breakdown characteristics of, Sia_..As
. . . e diodes,”Appl. Phys. Lett.vol. 15, pp. 391-393, Dec. 1969.
gives reasonably accurate results but its applicability is morey,) ;'p R Davidt al, “Measured ionization coefficients in GAl1_ . As,”
guestionable as the field gradient increases. The curves from in Proc. 1984 Symp. GaAs and Related Compounds, Inst. Phys. Conf.
these calculations are displaced to the right of the MC curves__ Ser. 1985, p. 247. _ _ ) o
by 1 to 2 V such that the relative error becomes restrictive when[s] V. M. Robbins, S. C. Smith, and G. E. Stillman, "impact ionization in
Al,Ga . As forz = 0-0.4," Appl. Phys. Lett.vol. 52, pp. 296-298,
the doping is> 5 x 10'® cm™3. This effect of a nonuniform Jan. 1988.
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