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Avalanche Noise Characteristics of Thin GaAs
Structures with Distributed Carrier Generation

Kim F. Li, Member, IEEE, Duu S. Ong, John P. R. Dayi&enior Member, |EEE,
Richard C. TozerSenior Member, |IEEE, Graham J. Rees, Stephen A. Plimmer, Keng Y. Chang, and John S. Roberts

~ Abstract—t isknown that both pure electron and pureholein- inally 0.1 um in width are investigated and compared with the
jectionintothin GaAsmultiplication regionsgivesrisetoavalanche  results for pure electron and hole injection. The experimental
multiplication with noise lower than predicted by the local noise o its are interpreted using a previously reported [2], [6] non-
model. In this paper, it is shown that the noise from multiplication | | th f if | h . hich i
initiated by carriersgenerated throughout a 0.1 p#m avalanchere- ocal recurréence theory or_ uni or_m aval an_c e reglo_ns W Ic : IS
gion isalsolower than predicted by thelocal model but higher than ~ €xtended here to treat devices with an arbitrary carrier injection
that obtained with pure injection of either carrier type. Thishe-  profile.

havior isdueto the effects of nonlocal ionization brought about by

the dead space; the minimum distanceacarrier hastotravel inthe

electric field to initiate an ionization event. Il. GROWTH AND DEVICE FABRICATION
Index Terms—APD, avalanche multiplication, avalanche noise, The structure shown in Fig. 1 was grown as an RCE-APD
GaAs, impact ionization. by metal organic vapor phase epitaxy using C and Si as
the p© and n" dopants and was designed to have a high
I. INTRODUCTION QE at an incident wavelength of 850 nm. However in this

) i ] study it is not used in resonance and can be regarded as a
N resonant cavity photodetectors a Fabry—Pérot cawtytungld(N 0.5Ga.5A8)-i(GaA9-nT (Al ;Go5As) diode with a

to the absorption wavelength allows the use of a thin agi, Alg.GaysAs capping layer. Two GaAs homojunction
sorption region and thus reduces the primary carrier transit ti@ﬁucturés, one Pi-nt and the other a T+i-p*™ were also
without sacrificing quantum efficiency (QE). Furthermore if rown by molecular beam epitaxy orf (p+) (001) GaAs sub-

separate multiplication region is also made sufficiently thin, thg,ates and comprised am (pt) GaAs buffer, an 11 (p+) AlAs
excess noise can be reduced significantly by nonlocal ionizatigny um etch stop layer, im of nt(pt) GaAs, an undoped

effects [1]-[3]. Such resonant cavity enhanced, separate abs@tgnas avalanche region of widtly = 0.1 zm and finally a 1

tion and multiplication avalanche photodetectors (RCE-SAM;m GaAs o (n*) layer. Circular mesa diodes of radius 50—200

APD's) have been reported recently with high quantum effl;, anq with annular top contacts for optical access were

ciency and high gain bandwidth product [4], [S]. _ fabricated from these layers. Dark current measurements on the
In SAM structures, both the layer width and the doping MUECE-APD devices showed low leakage currents:860 nA at

be controlled to high precision. The absorption layer must gy, of the breakdown voltage on the 1,06 radius devices.
fully depleted to maximize the QE, however if the field is too

high then multiplication can also occur in this region and the
advantage of a separate thin multiplication region is reduced.
The effect of distributed carrier generation, and so of “mixed” Avalanche multiplication measurements were performed
injection, on the noise characteristics of thin avalanching rasing a noise measurement system with a center frequency
gions in which nonlocal ionization behavior reduces noise haé 10 MHz and a noise effective bandwidth of 4.2 MHz [2].
not been investigated. If no appreciable degradation in noi€arrier injection was provided by 442 nm, 542 nm, or 633 nm
characteristics occurs under such conditions, then a thin miglsers focused to a spot onto the tof(ip™) capping layer. The
tiplication region could also be used as the absorption regiercess noise factof’, was determined from the noise power
to produce an RCE-combined-absorption-multiplication-APBhieasurements using the method described previously [2] and
(RCE-CAM-APD), with a less demanding layer structure. ~ was calculated fron¥' = i.,/M?i,, where M is the mean

In this paper, the effects of mixed injection on the multiplicamultiplication, 4, is the unmultiplied primary photocurrent and
tion and noise characteristics of a GaAs avalanche region noixyis the equivalent photocurrent of the silicon p-i-n diode that

produces the same noise power as the device under test.

i i +
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B Fig. 2. Multiplication versus reverse bias for the RCE-APD at incident
ragg wavelengths of 442 nrx - - - -), 542 nm(—) and 633 nm(———). Also
mirrors shown is photomultiplication for pure electr¢a\) and hole(V) injection in

the 0.1um GaAs p -i-nt and nf-i-pT diodes respectively.

Fig. 1. RCE-APD structure used for mixed carrier initiated multiplication.

442 nm produces nearly pure electron injection since the light
is highly absorbed in the Al;Ga, ;As p' layer and photogen-

erated minority electrons diffuse to the high field region. For 7
the intermediate incident wavelength of 542 nm some light is
absorbed in the p region and some in the i-region resulting 6 -
in distributed mixed injection with a significant contribution of

electrons injected from the'pAl, ;Ga, ;As layer. In contrast, - ©
in the homojunction GaAsi-nt (nt-i-p™) diodes, light in- § %7 k=1 0 v
cident at wavelengths of 633 nm, 542 nm, and 442 nm is almost ; o} R
completely absorbed in thegdm capping layer producing elec- § 4 . B e

w

trons (holes) that diffuse to the high field region, resulting in
pure electron (hole) initiated multiplication.

Fig. 2 shows the multiplication characteristics for the
RCE-APD at incident wavelengths of 442 nm, 542 nm, and
633 nm. It can be seen that, for the same reverse bias voltage
the multiplication in the RCE-APD with 442 nm incident light
is higher than that at 542 nm which is, in turn, higher than at
633 nm. The GaAspi-n™ and n-i-p™ diodes each produced

T T T T T T
7 8 9 10 11 12 13 14 15

identical multiplication characteristics with 633 nm, 542 nm Muiltiplication, M
and 442 nm incident light and so, for clarity, only the 633 nm
multiplication characteristics are shown. Fig. 3. Excess noise factor versus multiplication for the RCE-APD at incident

T . wavelengths of 442 nriV), 542 nm(O) and 633 n , and for thew =
The multiplication characteristics of the RCE-APD at 442 ny ,;m gaAs proi-n+ [(l) Lnd n+_i_p(+ ()A) diodes ugi(r?g)] 633 nm Wa\,éength

are very similar to those of the GaA$ f-nt diode at 633 nm, light. Solid lines are Mclntyre's curves with= 3/« increasing from 0 to 1 in

suggesting that pure electron initiated multiplication has be&f§Ps of 0.1.

achieved. The RCE-APD breakdown voltage is 7 V, identical to

that of thew = 0.1 pm pt*-i-n* diode, suggesting that althoughapply in the limit of very thin avalanche regions, these curves

the RCE-APD was grown to a width of nominatly= 0.12 um  gre included solely for the purposes of comparison.

it is closer tow = 0.1 um. The breakdown voltage of the \wjith 633 nm light incident on the RCE-APD, primary car-

n*-i-p* diode was-6.5 V suggesting that the device is slightlyriers are generated in the high field region and the resulting

thinner than 0.1xm, as confirmed by analysis of the capacinpise characteristics shown in Fig. 3 correspond approximately

tance voltage measurements and secondary ion beam mass $8€€-~. 0.4 in Mclintyre's model [8]. For the more energetic

troscopy profiles. incident light of 542 nm and 442 nm the noise characteristics
Fig. 3 shows plots of excess noise versus multiplication fdeecrease to levels correspondingito~ 0.3 andk ~ 0.25,

the RCE-APD and the GaAspi-nT (nt-i-p*) diode together respectively. Also plotted in Fig. 3 are the pure electron and

with Mclintyre's [8] curves for various valuesbf= /3/«, where hole initiated multiplication noise characteristics of the GaAs

« andg are the electron and hole ionization coefficients, respegt-it and n"-i-p* diodes using 633 nm light. Unlike in the

tively. However, since Mclintyre's continuum theory does n®®CE-APD, illuminating the GaAs p-i-nt (nt-i-p*) diodes



912 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 5, MAY 2000

with 542 nm and 442 nm light produced identical noise chafer electrons. An expression for the hole PDF for ionization path
acteristics to those obtained with 633 nm excitation. The pulength,’,;,(x), is obtained by replacind. anda* with d,, and
electron injection noise results for th& -n* diode are almost 3*.

identical to those of the RCE-APD obtained using 442 nm light, The values of:* and3* are found from the relationships [10]
further confirming that, as expected, pure electron injection has

been achieved in the RCE-APD. However, with 633 nm light atl=d +a! (3a)
and mixed carrier injection, the RCE-APD exhibits noisier char- B l=d,+pt (3b)
acteristics than either the pure electron or pure hole initiated
multiplication results. and the experimental ionization coefficienisand/3. These are
taken from the work of of Bulmaet al. [11] for ¢ > 600 kV/cm,
IV. MODELING and from the work of Millidgeet al. [12] for ¢ > 600 kV/cm

It is worth considering how the gain and excess noise chardéth 3 set equal tax. v and3 are interpolated around= 600
teristics would behave in thick{1 zm) GaAs structures, where kV/cm to produce a smooth transition from the data of Bulman
the local model of Mclintyre [8] is applicable. At the operating® Millidge. The coupled integral (10) and (11) from [6] are
field of such structures = 253, and pure electron initiated mul- then used to calculate the mean gain, and (18) and (19), also

tiplication, M., is greater than pure hole initiated multiplicationfrom [6], are used to calculate the excess noise. These coupled
M;,. The excess noise results would follow the= 0.5 line in  €duations are discretized on a suitable mesh and the resulting

Fig. 3 with electron initiated multiplicatiof#,.) and thek = 2 Iinegr _siml_JItaneous equations are solv_ed to deduce the mean
line with hole initiated multiplicatior( £},). For carrier genera- Multiplication, m(x), and the excess noise factd#(x), for a
tion within the high field region the gain and excess noise curvB&§mary electron-hole pair created at positiom the high field.
would lie between those d¥/. and M;,, and between those of In the RCE-APD structure photons are absorbed throughout
F. andF},, respectively. In thin GaAs structurel, ~ M;, [9]  the high field region at a rate given by the functiGf). Using
and the slight discrepancies in th&-pn+ and nf-i-+ multi- the solutions form(z) and F'(z), the total multiplication M,
plication characteristics in Fig. 2 are the result of the slight diftnd total excess noiséy, for any spatially distributed genera-
ference between the avalanche widths. According to the loéi@n rate of carrier pairs can be derived.
model whenx ~ 3 thenF. ~ Fj, corresponding té& = 1 in For a nonavalanching photodiode, the noise spectral density
Fig. 3. In this case, distributed carrier generation would give rfOm primary carriers generated in an elemént due only to
sults indistinguishable from those of pure injection for both gai#ot noise, is given by
and excess nhoise. By contrast a reduction in gain and an increase
in excess noise with distributed carrier generation is observed in dN,(z) = 2¢[G(z)e dz] (4)
the RCE-APD.
To interpret the mixed injection results a model is used whi¢Mheree = the unit of electron charge.

has previously been shown to predict accurately the avalanchd the case of an avalanching photodiode, where the primary
multiplication and noise characteristics of GaAs-pn+ and current is generated throughout the avalanche region before
n+-i-p* diodes. This model has been described in detail in [@Fing collected at the device terminals, the spectral noise
for the case of pure electron (hole) injection and is develop&drrent density is multiplied byn*(«) and given by
here to predict the noise produced from mixed carrier injection.
Anideal pt-i-n* structure is assumed, with a uniform high field ANy () = 2¢[G(x)elm? (x) du. (5)
region in0 < z < w and no depletion into thepand n*
cladding regions. Newly generated electrons (holes), produdd@wever, the above equation treat¢xz) purely as a gain term
either by injection into the high field region or as by productdnd does not allow for the fact thai(x) is stochastic in nature.
of impact ionization, travel in the electric field, a distancel.  To do so, the excess noise factor for an electron hole pair gen-
(d), equal to their dead space, before they are able to ionigéated at position is introduced, which gives
The dead space values are taken as:

dN7(z) = 2¢[G(z)eJm?*(z) F(z) da. (6)

d. = F.[ee (1a)
dy, = E),/ee (1b) To find the total noise due to the distributed generation of pri-
mary carriers we integrate over the avalanche region giving

whereE, = 2.3 eV (E;, = 2.1 eV) is the ionization threshold w
energy for electrons (holes) ands the unit of electronic charge. Np = 262/ [G(z)m?(z) F(z)] dz. @
Following the dead space, the carrier ionization behavior is de- 0
scribed by an exponentially decaying spatial probability dis-
tribution function (PDF) for ionization path length, corre-
sponding to the ionization coefficiends and5* as in [6]. The

The multiplication is defined by the total multiplied output
current divided by the total unmultiplied input current and given

PDF is thus given by by
0 v <d Iy Glzym(z) dx
_Y e Mp = ——%——— 8
he() {oﬁ exp(—a*(z —d.)), = >de @ ! Jo G(z)dz ©
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An ideal APD would therefore produce a noise power spectral

density, due only to multiplied shot noise, of Multiplication, M
w Fig. 5. Excess noise factor versus multiplication for the RCE-APD at incident
Nideal = 2¢i “M% = QCQM% / G(z) dz. (9) light wavelengths of 442 nniV, ) and 633 nm(O. ¢). Open symbols are
’ ! 0 the measurements and solid symbols the modeled results. Solid lines are as in
Fig. 3.
Hence, the excess noise factor for a distributed generation of
carriers is 7
e NT _ fow G(.’L’) ( )F(.’L’) (10) 6 /- m(x)at 750kV/cm
"7 Nieal MZ [ Gz)de 5 T
£ 750kV/em

The modeled and experimental multiplication and noise che B
acteristics of the RCE-APD are plotted in Figs. 4 and 5 for tt a) _.“i
cases of pure electron initiated multiplication (442 nm) and f ﬁ_’s—
a distributed generation rate of carriers in the high field regic 2 .
(633 nm). The generation rate for mixed injection is taken i
G(z) o exp(—¢pz), wherep = 4.28 x 10* cm~* is the absorp- 1 L L N B
tion coefficient of_ Ga_As at 633 nm [7]. - 0 20:40 60 :80 100

It can be seen in Figs. 4 and 5 that the modeled multiplicatic :
and noise characteristics (solid symbols) match closely the m : X posntlon in nm
sured results (open symbols). The modeled results are sligt ; :
higher, possibly because of the simplified choice of PDF in (2 b) : e : ) :
To explain the reason for the higher noise characteristic in t 5 9—> 4_96‘—_“’
case of mixed injection, plotted in Fig. 6(a) is the multi Iicatior : LI ho :

j p g.6(a) P Eyee=28m s & e = F,/oc = 30nm

m(z), and excess noisé&,(x), for an electron hole pair injected =
at a positionz at an electric field of 750 kV/cm at which and
;3 are equal.

Fig. 6(a) includes the special cases of pure electron ini
ated multiplication M, = m(0) andF. = F(0), and of pure

Flg 6. (a) Multiplicationm(x) and excess noisé;(x) for an electron hole
hole initiated multiplication,A/;, = m(w) and Fj, = F(w). air generated at a position x in the high field regién< = < w) at an electric

As the positiony, at which an electron-hole pair is created Igeld of 750 kV/cm. (b) Schematic of an electron hole pair generated-at28
moved into the high field region the multiplication initially de-nm andx = 70 nm.

creases, falling to a minimum value at= 28 nm. Thereafter,

it rises to a peak close to the middle of the avalanche regiontla¢ high field region. As depicted in Fig. 6(b), if an electron-hole
x ~ 50 nm and then falls again, reaching a second minimum jaair is created at < 28 nm only the electron contributes to mul-

2 = 70 nm. Finally, the multiplication rises to the value &f;, tiplication since the hole will leave without ionizing, similarly
atz = w = 100 nm. This result contrasts with the local modeif an electron-hole pair is generatedat> 70 nm, only the hole
[13]inwhichm(x) is independent of position when= 3. The contributes to multiplication while the electron leaves without
two minima, one at 28 nm and the other at 70 nm, correspoiuthizing. Hence, at these minima multiplication is reduced be-
to the hole and electron dead space distances from the edgesaofse only one carrier type can go on to ionize and contribute




914 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 5, MAY 2000

to multiplication. Consequently, a distributed generation of pri-[11] G. E. Bulman, V. M. Robbins, and G. E. Stillman, “The determination

mary carriers in the high field produces a lower multiplication of impact ionization coefficients in (100) Gallium Arsenide using
for th | ic field th | hole iniecti avalanche noise measurements and photocurrent multiplication mea-
or the same electric field than pure electron or hole injection. surements,TEEE Trans. Electron. Devices, vol. ED-32, pp. 2454-2466,

The excess noisd;(x), is shown in Fig. 6(a) and also de- Nov. 1985.

pends on the primary carrier injection positimnAt e = 750 [12] S. Millidge, D. C. Herbert, M. Kane, and D. R. Wight, “Non-local as-
KkV/ itis | h . . dz = 5 d pects of breakdown in pin diodes$emicond. Sci. Technol., vol. 10, pp.
cm it is lowest whenr = 0, x = w andz = 30 nm an 344-347, 1995,

higher atz = 28 nm andz = 70 nm, the electron and hole [13] G.E. Stillmanand C. M. Wolfe, “Avalanche photodiodes, Semicon-
dead space separation, respectively, from the edge of the high ductor and Semimetals, R. K. Willardson and A. C. Beer, Eds. New
. . . . N , York: Academic, 1977, vol. 12, pp. 291-393.

field region. This contrasts with the predictions of Mcintyre's

local noise model [8] in whicl"(x) is independent of position

vyhena _ p. _A distributed generation of Carr_lers in the h'grkim F. Li (M'99) was born in London, U.K. He received the B.Eng. (Hons.)

field region will therefore produce a worse noise characteristiggree in electronics from the Department of Electronic and Electrical Engi-

than either pure electron or pure hole injection. neering, University of Sheffield, Sheffield, U.K., in 1995. In 1999 he the Ph.D.
degree in electronic engineering working on avalanche photodiode noise at the
same university.
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In thin GaAs avalanche regions{.1 zm) a distributed gen-

eration of p”mary_ Camers_m the h!gh field reglo_n IS fOl_md t(E)uu S. Ong received the B.Sc. (Hons.) degree from the Department of Physics
produce lower gain and higher noise than obtained with pusgd the M.Phil. degree from Institute of Advanced Studies, University of
electron or pure hole initiated multiplication. The implication$lalaya, Malaysia, in 1992 and 1995, respectively. In 1998 he received the
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for device deS|gn are that it is still necessary to ensure pure iversity of Sheffield, U.K., working on a theoretical study of avalanche

rier injection for the lowest noise in such structures. Howevefaitiplication and noise in avalanche photodiodes.

even in the case of mixed injection, the noise in thin structuredie is currently a Senior Lecturer in the Faculty of Engineering, Telekom Uni-
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GaAs avalanche regions. Reducing the absorption-multiplica-

tion width further in the RCE-CAM-APD should further de_John P. R. David (SM'96) received the B.Eng. and Ph.D. degrees from the
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