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Nonlocal Effects in Thin 4H-SIC
UV Avalanche Photodiodes

B. K. Ng, John P. R. DavidSenior Member, IEEERIichard C. TozerSenior Member, IEEEGraham J. Rees,
Feng Yan Senior Member, IEER)ian H. ZhapSenior Member, IEEEand Maurice WeineiFellow, IEEE

Abstract—The avalanche multiplication and excess noise char- areas to achieve microplasma-free performance. By contrast,
acteristics of 4H-SiC avalanche photodiodes withi-region widths  SjC is technologically more mature and is a potential alternative
of 0.105 and 0.285um have been investigated using 230-365-nm 4, the |||-nitrides for UV detection. The 4H polytype of SiC has,

light, while the responsivities of the photodiodes at unity gain were . . . . - .
examined for wavelengths up to 375 nm. Peak unity gain respon- " addition to its superior thermophysical properties, the advan-

sivities of more than 130 mA/W at 265 nm, equivalent to quantum tage of widely differing ionization coefficients [3] for electrons
efficiencies of more than 60%, were obtained for both structures. («) and holeg3), which is crucial for realising APDs with low

The measured avalanche characteristics showth# > aandthat  excess avalanche noise [4]. We have recently demonstrated very
the 3/« ratio remains large even in thin 4H-SiC avalanche regions. low noise UV APDs based on a Oydm 4H-SiC avalanche re-

Very low excess noise, corresponding td. ¢y < 0.15 in the local . : . .
noise model, wherek.;; = a/B(8/a) for hole (electron) injec- gion and showed unambiguously that> « in 4H-SiC from

tion, was measured with 365-nm light in both structures. Modeling Multiplication measurements [5]. In addition, our results sug-
the experimental results using a simple quantum efficiency model gest that dead space, the distance over which the ionization co-
and a nonlocal description yields effective ionization threshold en- efficient reaches equilibrium with the electric field, may occupy
ergies of 12 and 8 eV for electrons and holes, respectively, and sug-, significant fraction of the avalanche width of 4H-SiC APDs.
gests that the dead space in 4H-SiC is soft. Although dead space isI is theref . he eff f dead

important, pure hole injection is still required to ensure low excess tis therefore necessary_ t‘? examine t N (_a ect of dead space c_m
noise in thin 4H-SIiC APDs owing to3/a ratios that remain large, the avalanche characteristics of 4H-SiC since such knowledge is

even at very high fields. crucial for the design and optimization of APDs employing thin

Index Terms—Avalanche multiplication, avalanche photodiodes avalanche regions. Furthermore, the discrepancy between the

(APDs), breakdown voltage, dead space, impact ionization, ioniza- Published experimental values/@for 4H-SiC by Konstantinov
tion coefficients, nonlocal effects. et al.[3] and Raghunathan and Baliga [6] merits further investi-

gation. The accurate determination of the impact ionization co-
efficients in 4H-SiC has direct application to the design and op-
timization of high-temperature, high-power and high-frequency
SI'I;ICON CARBIDE (SiC) and llI-nitrides are promising devices.

aterials for ultraviolet (UV) sensing owing to their wide This paper investigates nonlocal impact ionization effects in
band gaps. Photodiodes utilizing these wide band-gap matgin 4H-SiC devices using two APD structures with nominal
rials have the potential to operate at high temperature with lewalanche widths of 0.1 and Oi@n. The experimental details
leakage current and good visible-blind/solar-blind performanast. this paper are described in Section II. Section Ill reports the
Avalanche photodiodes (APDs) with thin avalanche widths cagsponsivity and the avalanche multiplication characteristics of
greatly enhance the signal-to-noise ratio (SNR) of optical rére APDs obtained from measurements. In Section 1V, the mea-
ceivers limited by weak optical signals and high amplifier noissurements are interpreted using a simple quantum efficiency
by providing internal gain, while maintaining high operatingnodel and a nonlocal multiplication model. The modeled re-
speeds and low operating voltages. The realization of lll-nitridgilts are also discussed and compared with previous works in
APDs is currently limited by material issues due to the lack ofgection 1V, and the conclusions of this paper are summarized in
native nitride substrate, although there has been some succeSzittion V.
the demonstration of GaN APDs [1], [2] from using small device

. INTRODUCTION

Il. EXPERIMENT
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1 x 10'%, 1.3 x 10'8, and3 x 10'° cm~3 for the i, n, p, and 50
p* layers, respectively, of the second structure.

Square mesa diodes with areas ranging féfimnx 60 pm?
to 210 x 210 pm? were fabricated using a°2positive bevel
edge termination technology [7] for the first APD structure. The
reach-through APD structure was fabricated using a multiste f="
junction extension termination [8] to creaf® x 50 pum? to
200 x 200 pm? mesa diodes. Windows were formed on the
top ohmic contacts to provide optical access and thin laye
of Si0,/SisN4 and SiO, were used to passivate the bevelec
APDs (BAPDs) and the multistep junction extension terminate
APDs (MAPDs), respectively. The width and average dopin
level of thei-region of the BAPDs are found to be Quin and
1.5 x 10'7 cm ™3 p-type, respectively, from secondary ion mas:
spectroscopy (SIMS) measurement. The SIMS profile indicatt o Ll b i
g;g; tgfegoplggiei/gllg in thg cladding layers adjacent to-itee 0 10 20 30 40 50 60

~ cm . .

Fig. 1(a) and (b) shows the measured and modeled capau:- Reverse bias voliage (V)
tance—voltageG-V) profiles of 210 x 210 ym? BAPDs and Contact
200 x 200 um? MAPDs, respectively. Th€-V profile of the n layer metal
MAPDs indicates that the 2m n~ reach-through layer is not 25
depleted, even when the bias approaches the breakdown volt
V4a. C=Vmodeling from solving Poisson’s equation within the PR
depletion approximation and assuming p-i-n structures ga M
w = 0.105 pm andw = 0.285 um for the BAPDs and the % 20
MAPDs, respectively. The doping levels in theegion of the
BAPDs and the MAPDs are estimated tob25 x 1017 ¢cm~3
and8.11 x 10'® cm™32, respectively, while the doping levels
in the cladding layers of both structures have values
1 ~ 3 x 10'"® cm—3. The parameters extracted from tGeV
characteristics of the BAPDs are found to be in good agreem:
with those determined from SIMS measurement. The diffusic 10
voltage was estimated to be 2.9 V from extrapolating@he/ i IR EEN AR RN B S A N A SR AT
measurements and is consistent with the value calculated us 0 20 40 60 80 100
the data of Henningt al.[9]. o Reverse bias voltage (V)

Reverse dark current-voltage-{) measurements indicate
that the breakdowns are sharp and the reverse dark current isfih-1- Measured (symbols) and modeled (lin€s)V characteristics of the

dtoi b | ord f itude at the b a) BAPDs and the (b) MAPDs with device areagdf x 210 pm? and200 x
served 1o Iincrease by several oraers ol magnitude at the brey wm?, respectively. The schematic view of the APD structures are depicted

down voltage. The breakdown voltages estimated from BAfK in the insets.

measurements are 58.5 and 124.0 V for the BAPDs and the

MAPDs, respectively. Most diodes exhibit low dark currentfpcussing 230-365-nm light from the Hg-Xe lamp or 325-nm
prior to breakdown and the average dark current density of tiignt from the HeCd laser to a small spet (120 x 80 ym? and
BAPDs and the MAPDs at 95%;, are 8 and7 A /cm?, re-  ~ 10 um diameter, respectively) onto the optical access win-

spectively. Forwardi-V measurements indicate that series resigows. DC photocurrents were measured as a function of reverse

avalanche .
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tance is negligible over the current range measured. bias voltage with a source-measure unit. To confirm the dc re-
) sults, phase-sensitive ac measurements were also taken on some
B. Measurement Techniques diodes using a lock-in amplifier and modulated UV light. Pho-

The spectral response of the diodes was measured usingaurrents as low as 10 nA were unambiguously measured using
mercury—xenon (Hg—Xe) lamp, a 0.22-m monochromator atite phase-sensitive detection technique.
a lock-in amplifier. The output beam from the monochromator The multiplication factordM was obtained by normalizing
was modulated at 180 Hz with a mechanical chopper and whag measured photocurrent to the primary photocurrent linearly
focussed onto the optical window of the largest diodes. The atrapolated from the measured photocurrent at low bias. The
solute spectral responsivity of the diodes was obtained by catiultiplication characteristics from both dc and ac measurements
brating the optical system with a commercial UV-enhanced ®iere found to be indistinguishable. Gain uniformity of the layers
photodiode. was confirmed by measurement of identical multiplication

The multiplication characteristics of the APDs under differertharacteristics on several diodes across the wafer. Multiplication
carrier injection conditions were investigated using UV lightalues in excess of 200 were achieved for both structures. It was
from the Hg-Xe lamp and a HeCd laser. Photogenerated caoted that the reverse bias photocurrent characteristic of the
riers were injected into the high field region of the diodes bMAPDs did not exhibitthe “step” characteristic of reach-through
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Fig. 2. Typical unity gain spectral responsivities of the (a) BARDy) and  Fig.3. Measured (symbols) and modeled (dashed lines) (a) multiplication and

the (b) MAPDs(O) over the wavelength range 230-375 nm. The responsivi(fp) excess noise characteristics of the BAPD structure from 230 nm (hexagon),

curves (dashed lines) corresponding to external quantum efficiency of 10240 nm(A), 250 nm(<>), 265 nm(0), 297 nm(V), and 365 nn{(). Inset

70% are also included for reference. The insets show the same curvesim(a) shows(A/ — 1) plotted on a logarithmic scale to accentuate the low

semilogarithmic plots. Modeled results are shown as solid lines. multiplication values. The modeletl/;, (dot-dashed line) is also shown in (a)
for comparison. Dotted lines in (b) are Mcintyre’s local predictionfgs = 0

. . . . . fo 1in steps of 0.1.
photodiodes when illuminated with weakly absorbed light. This

indicates that there is no significant discontinuity in the quam“Wavelengths would be expected to be higher if ther2 n-

efficiency with bias and confirms that the.2n ™ layer of the reach-through layer were depleted. The 4H-SiC diodes exhibit

MAPDs is not depleted up to device breakdown. The exces photoresponse for wavelengths longer th&80 nm (see

noise factor/ was also measured at a center frequency - : ; :
. . . ’Insets of Fig. 2), unlike their 6H counterparts, because of their
10 MHz and a noise effective bandwidth of 4.2 MHz usmg\/idfr bandgap) and are. therefore visibl?e-blind

the phase-sensitive detection technique and the measureme gs. 3(a) and 4(a) show the normalized multiplication char-

lsg/stem of Liet al. [1%]'tAS before, sevgra!t?;gdes across eacgcteristics of the BAPDs and the MAPDs, respectively, mea-
yerwere measured to ensure reproducibity. sured using 230—-365-nm light. The multiplication characteris-
tics from longer wavelength light are consistently higher than
those from light of shorter wavelengths for both structures, with
The typical unity gain spectral responsivity curves of ththe MAPDs exhibiting a wider spread of multiplication char-
BAPDs and the MAPDs are shown in Fig. 2 with respective pealcteristics, as would be expected for a structure with thicker
responsivities of+144 and~130 mA/W at the wavelength of avalanche width. Breakdown voltages of 58.3 and 123.7 V for
265 nm, which correspond to external quantum efficiencies thfe BAPDs and the MAPDs, respectively, were also estimated
more than 60%. The responsivities of the MAPDs at long UWy fitting the multiplication characteristics to Miller’s multipli-

Ill. EXPERIMENTAL RESULTS
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30 B The weakly absorbed 365-nm light [12] gives a mixed carrier

g initiated multiplication that is our closest measurable estimate to
pure hole multiplicationV;,. As the wavelength decreases the
UV light is progressively absorbed at shorter depths and more
electrons are injected from the top fp cladding layers. It is
estimated that more than 95% of the UV light is absorbed in the
p*/p cladding layers of both structures at the wavelength of 230
nm so that the multiplication characteristic from 230-nm light
can be considered to correspond to pure electron multiplication
% e/ 1 ¥ M.. As already pointed out in our earlier work on the BAPDs
10° J_gm,/%,f/?, bl 154 [5], the behavior of the multiplication characteristics with UV

’ light of various wavelengths shows unambiguously that .

This s further corroborated by the dependence of the multiplica-
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Multiplication factor, M
o

3 tion characteristics of the MAPDs and of the excess noise curves
of both structures on illumination wavelengths.
o+ Thek.q values characterising the excess noise measured with
50 60 70 80 90 100 110 120 365-nm light can provide a conservative estimate of dfig
Reverse bias voltage (V) ratio in 4H-SiC within the local approximation if we assume

that the excess noise from this wavelength light is due to pure
hole injection. In reality, thex/3 ratio will be less than this
estimate since some electrons from the/p cladding layer

are also injected into the avalanche region with the weakly ab-
sorbed 365-nm light. Based on this assumption and the local
noise model [4] we would expect a lower limit for the excess
noise in the BAPDs and MAPDs due to electron injection to
correspond t@&.a ~ 10 andk.s ~ 6.7, respectively. However,

the measured excess noise from electron injection using 230-nm
light of the BAPDs and the MAPDs corresponds to much lower
values ofk.¢ ~ 0.8 andk.g ~ 2.8, respectively. These values
are clearly in disagreement with the lower limits for the electron
initiated excess noise of both structures estimated from the char-
acteristics measured with 365-nm light and cannot be explained
by the small experimental erro&(0%) associated with the ex-
cess noise measurements. The discrepancy suggests that dead
5 10 15 20 25 30 35 40 45 50  Space effects are important in these structures.

Multiplication factor, A

Fig. 4. Measured (symbols) and modeled (dashed lines) (a) multiplication and
(b) excess noise characteristics of the MAPD structure from 230 nm (hexagon),

240 nm(A), 250 nm(<>), 265 nm(0d), 297 nm(V), and 365 nn{Q). Inset . e
in () shows(1/ — 1) plotted on a logarithmic scale to accentuate the low 10 Nelp interpret the avalanche multiplication results the re-

multiplication values. The modeletl/;, (dot-dashed line) is also shown in a) sponsivity curves of both structures are first modeled using a
for comparison. Dotted lines in (b) are Mcintyre's local predictiondiaf =0 simple quantum efficiency description to determine the carrier
to 1in steps of 0.1 anél.¢s = 2, 3. L . ; . .
injection profile at each illumination wavelength. A nonlocal

) ] ) ] ~ model that takes into account the effect of dead space, the carrier
cation equation [11], in close agreement with results obtainggetion profile and the nonuniform electric field profile is then
from reverse dark-V measurements. _ _ used to fit to the measured multiplication and excess noise char-

The excess noise characteristics resulting from carriers Uieristics of both structures so that the (enabled) ionization co-

jected using 230-365-nm light for the BAPDs and the MAPDgficients and the ionization threshold energies can be extracted.
are depicted in Figs. 3(b) and 4(b), respectively. The excess

noise measured using 325-nm light from the HeCd laser (nRt
shown) was found to be in good agreement with that measured
using the Hg-Xe lamp. The results clearly show that the excessThe responsivity curves are modeled by treating both APDs
noise of both structures decreases with illuminating wavelengts p-i-n structures. This assumption is also reasonable for the
The lowest excess noise, measured using 365-nm light, com®APDs since the n reach-through layer is found to be unde-
sponds tok. values of approximately 0.1 and 0.15 in MclInpleted fromC—Vand multiplication measurements. For a p-i-n
tyre’s local model [4] for the BAPDs and the MAPDSs, respecstructure, the total photocurrent measured externally is due to
tively. We use &.g notation to characterize measurementg'of i) electrons collected from the p layer at the p-i depletion edge,
as afunction ofif. Clearlyk.g will represent the ratio of ioniza- i) electron-hole pairs collected from within the depletion re-
tion coefficients [4] only when dead space effects are negligiblgion, and iii) holes collected from the n layer at the i-n depletion

Excess Noise Factor, F

IV. M ODELING AND DISCUSSION

Quantum Efficiency
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edge. The internal quantum efficiencies associated with com- TABLE |

ponents i)iii) can be written as [13] [see (1)—(3), shown at the PARAMETEE?J ;\J/EESDO;OTF'Y'E%E_LSFC”ipRng’ONS'V'TY
bottom of the page] respectively, wheras the absorption co-

efficient at the wavelength of the incident light,L: (L) is the Parameters Units | BAPDs | MAPDs
minority electron (hole) diffusion lengt); (D-) is the electron —— -

(hole) diffusion constantS; (Ss) is the p(n) layer surface re- #-region thickness Hm 0105 | 0285
combination velocity,X; is the undepleted width of the p layer, p cladding thickness um 0.45 0.45
X2(X3) is the distance from the front surface to thenideple-

i n cladding thickness pm 100
tion edge (rf substrate face), and [see (4), shown at the bottc —
of the page] It is assumed here that all carriers generated wit __ Electron diffusion length, Z, um 1.8
the depletion region are collected. The external quantum e Hole diffusion length, L, pum 1.0
ciencyn of the p-i-n structure is then given by Electron mobility, e/ s 800
n=(1=r)(n+mn+mns) ®) Hole mobility, 4 em¥/V.s 100

wherer is the reflectivity at the front surface. The externa Surface recombination velocity, | ¢ 12%10°
quantum efficiency is related to the spectral responsivity by tl assuming S = §;
expression Reflectivity, » ~0.1

R

n=1241 x — (6) _ _
A Table | lists the values of the parameters used in the model to

whereR is the responsivity in A/W and is the wavelength in fit the responsivity curves. As shown in Fig. 2, the responsivity
nanometers. curves calculated using these parameters are in good agreement

The absorption coefficients of 4H-SiC are taken from th&ith the measurements. The minority carrier diffusion lengths
work of Sridharaet al. [12] for A > 310 nm. Those at shorter deduced for 4H-SiC are found to be broadly similar to those of
wavelengths are estimated by extrapolating the data\for 6H-SIC [15], [16].

310 nm and adjusting slightly to fit the responsivity data. The L

diffusion coefficients of electrons and holes in 4H-SiC are cap- Avalanche Multiplication

culated from the electron and hole mobilitigs,andu., respec-  Therandom path length (RPL) model of Ceta@l.[17], equiv-
tively, whose values are estimated from [14]. The p claddirajent[18]to the recurrence model of Hagaal.[19], was used to
thickness of the BAPDs is estimated from the SIMS profileterpret the measured avalanche multiplication characteristics.
while the nominal value is used for that of the MAPDs. Th&his nonlocal model was modified to take into account the dis-
n cladding thicknesses for both structures were arbitrarily settaibuted carrier injection arising from weakly absorbed UV light
100pm since the modeled results are found to be insensitiveaad the effect of nonuniform electric field. The ionization be-
this parameter. The minority carrier diffusion lengths, the sunavior of a carrier in a nonuniform electric field region is charac-
face recombination velocities (assumifig = S») and the re- terized by the ionization path length probability density function
flectivity are treated as adjustable parameters. Itis noted that (ROF) h(x(, ), which describes the probability of the carrier
shape of a simulated quantum efficiency curve is most sensitiemizing for the first time after traveling a distaneelownstream

to the minority carrier diffusion lengths and only a unique confrom the starting position afy. In the hard-threshold dead space
bination of .; and L, can fit the measured results. model the ionization path length PDFs of electrons and holes are

oly (0D1 + S1) —e 7™ {51 cosh (&) + 7+ sinh ()L(—;)}

! ! X,
=2 — 1) S, sinh ()L(_11 + D cost (X_ll) —olje 1)
e = e X1 [1 _ efo(xrxl)} )

and
oL K] @)

EC R

2

Kn = D2 X37X2 M XS*XZ ’ (4)
L_Q COSh (L—Z) —+ 52 Slnh (L—Z)

Sy {e_”(X3_X2) — cosh (—X'L‘L_QX2 )} — 0 Dge7(Xa=X2) _ ’2’ sinh (—XF’L_ZXQ)
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given by [20] [see (7), shown at the bottom of the page] for eleand
trons and [see (8), shown at the bottom of the page] for holes
where electrons (holes) are assumed to travel incther) di-

Th

B*(xg — 2)dz = — In(r) (12)

rection,a*(z)(8*(z)) is the position dependent enabled elec-
tron (hole) ionization coefficients, (xo)(dn(z0)) is the ballistic
dead space of the electron (hole) generated, @ndw- is the

width of the depleti

on region.

d]l '(wo)

The ballistic dead space of electrons and haleézo) and
dn(z0), respectively, can be found by solving the equations

d. (z0)+0

Zo

q / £(2)dz=E,. and g / £(z)dz=Eipn

Zo

xo—dn(z0)

for electrons and holes, respectively, whére< r» < 1. The
integrals in (12) were discretized and implemented as lookup
tables to reduce computation time.

Calculation using the RPL model involves simulating many
trials (typically>20 000) to build up sufficient statistics to de-
termineM and F' from

1 nr 1 nr
M=—yN "M, and F=——> M? 13
- ; e ; 2 (19

) - o 9) whereM; is the multiplication factor from a trial anay is the
where £(z) is the position dependent electric field andqia| number of trials. In each trial, carriers are injected at a po-
Eine(Ernn) is the ionization threshold energy of electrongiion determined by the wavelength dependent carrier injection
(holes). The enabled ionization coefficients(z) and *(z),  profile deduced from responsivity modeling, wherg is suit-
are related to the effective ionization coefficientsz) and  py giscretized and is distributed to the spatial mesh of the
f(z), by the expressions depletion region according to the calculated profile. A carrier
undergoes impact ionization to create a secondary electron-hole
pair after travelling a random ionization path length, obtained
from (12) using a random number generator, and terminating
within the depletion region. This process is repeated for all re-

Following [17], the probability that an electron and a hole hagaining carriers and the value 6f; is determined from the
not ionized after travelling a distaneefrom z can be written o3 number of ionization events when all carriers have left the
as depletion region.

The electric field profiles are modeled using the parameters
extracted fromC-V measurements. Calculations using the ion-
ization coefficients reported by Konstantinet al. [3] gave
much larger breakdown voltages than those measured in both

structures. We therefore treat the ionization coefficients as ad-
r ® T justable parameters and obtain initial estimates, parametrized by
B (zo — 2)dz (11) the expressiom() = Aexp[—(B/£)¢], from the multiplica-
tion characteristics measured using 230- and 365-nm light by
i assuming that excitation at 365 nm gives risé/g.
The resulting modeled multiplication and excess noise char-
respectively. The random ionization path length for electrofuteristics of the BAPDs and the MAPDs are depicted in Figs. 3
z. or hole z;, can be determined by equatiit.(zo. =) Or and 4, respectively. The predictdd;, of both structures [see
Pn(zo, z) to arandom number such that Figs. 3(a) and 4(a)] are observed to be appreciably higher than
those measured with 365-nm light, confirming that thiex ra-
tios are large in these diodes. The multiplication characteristics
are also plotted agV — 1) on a logarithmic scale in the insets
of Figs. 3(a) and 4(a) to reveal the low multiplication values.

— du(2)+ ——. (10)

and 70

1
p(z)

Po(zo,z) = exp |— a*(z + xo)dz

and

P}1(1B07.Z’) = €exXp [—

L dp, (xo)

a*(z 4+ x9)dz = — ln(r)

de(xg)

0 forz < dg(a?())
he(wo, ) = o*(z + o) exp [_ [ a*(z+ xo)d’zl for de(zo) <z < wr — 2o 0
de(xo)
0 forz < dh,(xo)
(o, o) = B*(xo — x) exp [_ f B (zo — Z)d'z] for di(z0) < = < o ®
d/,,(Io)
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The field dependence of the ionization coefficients used in tt
model can be expressed as

T 1

10° |

46 1001 f

a=1.98x 10%exp | — <m> em~1 (14) g
3 N

10° |-

1.14 x 107\ "% 3

B =438 x 105 exp [— <%> em~'. (15) :

Best fits to the measured multiplication and excess noise char: 10*
teristics of the BAPDs and MAPDs are achieved with ionizatio
threshold values of;,. = 12 eV andE,, = 8 eV. The good
agreement between the measured and modeled multiplicat
curves at low multiplication values in both structures [insets ¢
Figs. 3(a) and 4(a)] provides further evidence that dead spe
has been properly accounted for. The fitted ionization threshc
energies correspond to electron and hole dead spaces that are
proximately 28 and 18%, respectively, of the width of a Qul
ideal p-i-n structure at appreciable values of multiplication. W
0.2 0.3 0.4 0.5 0.6

note from the work of Taet al.[21] that a hard-threshold dead ) "
space ionization path length PDF predicts higher excess no Inverse electric field (x10™ cm/V)
than one corresponding to a softer threshold. The small diffefig. 5. () and3(0) of 4H-SiC obtained in this paper. The results reported
ences between the modeled and measured excess noise Cmgtantinowt al. (a: dashe_d lineg: solid line) [3] and Raghun_athan and
of both structures may therefore be due to softness of threshgftjo@ - double dot-dashed line) [6] are also shown for comparison.
in 4H-SiC.

Fig. 5 shows a comparison of ionization coefficients deter- V. CONCLUSION
mined in this work with those reported by Konstantireial.  The avalanche multiplication and excess noise characteristics
[3] and Raghunathan and Baliga [6]. As depicted in Fig. 5, thg 44-sic APDs with multiplication region widths ab =
values of5 determined from modeling the experimental result§ 105 ;m and w = 0.285 um were investigated using
are found to agree with the results of Konstantieoal. while  230-365-nm light. Measured multiplication values were found

our values oty are higher than those of Konstantinetval, es-  to increase and excess noise to decrease with excitation wave-
pecially at lower fields. In Konstantinov’s work ionization COGHength_ Very low excess noise, Correspondingﬁ@ ~ 0.1
ficients are determined by fitting the local model to the multipliand . ~ 0.15 for thew = 0.105 gm andw = 0.285 pm
cation characteristics of three structures measured using 325APDs, respectively, was measured using 365-nm light. These
light. These authors claimed that the contribution of electrongsults show unambiguously that> « and that the3/« ratios
to multiplication is only significant near breakdown, suggestingmain significantly above unity in these thin 4H-SiC avalanche
that the values of are critically dependent on the accuracy ofegions. The multiplication and excess noise characteristics were
the measured data in this region. Multiplication measuremetit$erpreted using a nonlocal model, in which the wavelength
near breakdown are prone to error due to gain saturation effedépendent carrier injection profiles and the nonuniform electric
[22] which can limit the maximum achievable multiplicationfield were accounted for. Good agreement with the experimental
especially when high gain and large current are measured. Amgults was obtained using ionization threshold energies of 12
resulting error in the measured multiplication near breakdovamd 8 eV for electrons and holes, respectively. A small difference
due to gain saturation effects can translate into significant erfegtween the measured and modeled excess noise suggests that
in the deduced values of. Furthermore, the use of only onethe dead space in 4H-SiC may be soft. The results show that
optical wavelength to measure multiplication and the use of teéhough dead space effects in thin 4H-SiC APDs are important
local model may not be sufficient to determine accurately tid help to reduce the excess noise, pure hole injection is still
ionization coefficients. necessary to ensure the lowest excess noise because of the
Raghunathan and Baliga measured hole initiated multiplicBersistence of largé/« ratios even at very high fields.
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