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Abstract
of defective devices after operation at high junction

The surface component of reverse current is a seriousl€mperature, ;T has revealed electrical short-circuits
limitation for the operation of high voltage/current accompanied by crystalline latice damage at the
devices at high junction temperature. This componentlUnction peripheral surface.

may induce reverse current-voltage instability of a PN 1he purpose of this work is to show that electrical
junction followed by device failure during high phenomena at the junction peripheral surface are still a

temperature operation. Experimental results are significant factor that is pre\_/entir_lg the full potential of
presented for silicon rectifier diodes revealing the silicon dewces_ operat_ed at junction temperatures above
influence of the junction surface leakage current on the 200°C from being realized.

reverse |-V characteristics. Known results for silicon

carbide PIN diodes are considered for comparison. 2, Experimental results. Discussion

Available PN junction passivation methods at this time
are not effective enough in controlling the junction

sun;ace Iealéage fcurrent. \ation techni . dsurfac:e effects on the reverse |-V characteristics are
Mproved surtace passivation [echniques are requiredgy,q,, jn Fig.1. This data relates to a mesa type silicon

to achieve reliable device operation, especially above P'NN* structure of about 16nfmarea and passivated

Typical results that reveal the influence of junction

200°C. with organic dielectric  (silicone rubber). This
passivation method has the advantage that for the same
1. Introduction structure, the passivation dielectric layer can be easily

removed and the passivation process repeated.
. ) ) . Planar oxide and glass passivated junctions of about

Silicon high voltage bipolar or MOS devices cannot the same area and breakdown reverse voltage as those
operate reliably at junction temperature higher than 175¢onsjdered in Fig.1 have also been investigated. For
— 200°C. Although high temperature performance is gome of them the passivating oxide was removed and a
expected from SiC, commercial devices with a yg passivation by using organic dielectric  was
permissible junction operation temperature above®200  performed. It has been found that the state of the silicon
are still not availableThe first Schottky barrier diodes jnction surface in direct contact with the dielectric layer
with a rated current from 1A to 10A and blocking js of great significance for I-V reverse characteristic
voltage rated from 300 V to 600 V which appeared on stapijity at Thigher than 200C whilst the nature of the
the market in 2001 have a maximum junction operation gjelectric passivation material (organic or inorganic) is
temperature limited to 175C. SiC based PIN diodes f |ess importance. The results in Fig.1 also show a
have been demonstrated with a reverse voltage up t0 6.gjgnjficant reduction in the value of reverse curregt, |
kV, [1-2], but are still not available as commercial (akes place after heat treatment at 300and that since
_devu:_es. As r_eported in [2] surface phenomena from théthe same behavior is repeated with the second
junction peripheral surface may govern the diode passivation and anneal cycle, then this must be attributed
behavior at reverse bias voltage and low forward i 5 reduction in surface related current. Fig.1 also shows
voltage. . _ that a low level of 4 near room temperature does not

Even though silicon device technology has a Verynecessarily provide a lowglat high T. Further
mature status, the reverse |-V characteristics of S“iconexperiments taking into account a correlation of the |
power PN junctions may still be controlled by surface |oyel with the junction area and its perimeter have

effects, [3-4]. PN junctions are vital building cells of jgicated that the I-V characteristics in Fig.1 after heat
modern bipolar or MOS semiconductor devices. Poweryeatment at 306C are still influenced by the surface

devices whose PN junction passivation is based on Si'component.
SiO; interface manifest reverse current-voltage  |nyestigated glass or oxide passivated junctions of

instability which may be followed by failure at elevated aailable commercial devices with a silicon die of about
temperature sometimes even before ZDJ5]. Analysis



102 — — L e L been drawn with logarithmic voltage scales. The
different I-V reverse characteristics shown correspond to
D% three different re-passivations of the same silicon
24u°o/ff”,//ﬁ structure. The characteristics plotted after the 1st
~ /n/ _ passivation relate to the situation when some
§ D/DQ/A contgmination from .the surrounding maljufacturing
& 3/A42°C ‘ Oﬁg amb@nce was permitted after the_ cleaning of the
£ WG P___,_,f—f*”v/" junction surface. Reverse characteristics for the 2nd and
g 10 fﬂofo 0 ] the 3rd re-passivations relate to a passivation process
0 P % that was com_pleted without allowing any influence from
3 _,fw”’vf oo macsiat o the surro_undlng manufapturmg amblenc_e. N_onetheless,
2 ¥ = s _ some acid traces remained after the junction surface
& -0 afer Tt passivalon and 300°C anneling cleaning during the passivation process, more for the 2nd
4 alter2nd passivlion and less for the the 3rd re-passivation
7~ ater 2nd passivation and 300°C annealing Fig. 2 shows that the surface componengdfas a
e significant influence not only on its level at room
"% m om m m W m a0 @ s s @ e temperature and above, but also on the obtained

breakdown voltage value. This time, significant voltage

Reverse voftage (V) dependence okl(soft surface breakdown characteristic)

10 — —T is evident at room temperature well below the expected
o value of the bulk breakdown. At higher junction
-0 afer 15t passiaton temperature the curvature of the characteristic towards
o | 70 e el pasation and J00°C znneaing | 1000 V is significantly attenuated. As in the case of
-4 afer 2nd passivation Fig.1 a reduced voltage dependence gfat room
@ 3 afer nd passiation ant 310°C annesling A temperature observed in Fig.2 (which may bg favorable
o 20 /ﬁ' in reaching the bulk bregkdown value determlned at low
5 sk p T current), does not provide low halues at high ;T In
= _F___,ﬂﬁ—‘_f practice it is known that for higher reverse working
2 e vﬂﬁvﬂ voltages, above 1000 V, it is more difficult to reach the
0 ﬂ\/J5 / bulk breakdown voltage. Silicon controlled-avalanche
W ArtE v [ﬁ’ 1 diodes of breakdown voltage above 2000 — 3000 V are
¢ / T not easily realized.
§ %w#‘“ : DJB_E_____E 8 While the level of reverse current at high junction
10 g ——— ] temperature for the 1st passivation in Fig.2 is
@"‘gz: n°C ‘ comparable with the corresponding one for similar
commercial silicon diodes available on the market, for
L the other two passivation situations the level of leakage
-4 L L L L L L L L L L L L L L

current is significant lower. It has also been found that
the blocking |-V characteristic of the drain junction of
Reverse voltage (V) some investigated high voltage commercial power MOS
devices of about the same area as the diode structure
used in Fig.2, do not exhibit loweg values at high T
than it is shown in this figure. A saturation tendency of
Iz at lower \k and high Tobserved in Fig.2 for the™'1

and 3 passivations cannot be considered evidence for
the bulk diffusion component dominance because even
lower I values are obtained for thédzbassivation case
the same dimensions, breakdown voltage and chargd'here visible voltage dependence is manifested.
carriers lifetime as that used in Fig. 1, exhibitedtdlues ~ Consequently, in spite of significantly reduced/alues
above 200C not less than the lowest level shown in this @ high T obtained in Fig.2 its level continues to be
figure. Consequently, the level of junctions passivated Under the influence of the surface component.
with inorganic dielectric is not necessarily less than Nonetheless, excessive high surface leakage current is

those passivated with organic dielectric and may be alsg’revented for the"2and &' passivation case.
controlled by surface phenomena. High temperature reverse bias (HTRB) tests af@50

Other examples that demonstrate the influence of thétd 300 V for 250 houtsave indicated good stability of
surface component on the level gare shown in Fig.2. the devices passivated in the same conditions as for the

This time a mesa"RIN* rectifier silicon structure of 16 2nd or the 3rd re-passivation cycle but no device from

mn? area but with an expected bulk breakdown voltagethe first passivation cycle survived. These devices
higher than 1500 V has been used #mel graphs have exhibited a relatively high initialgllevel at 250°C and
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Figure 1. Current-voltage characteristics for a
silicon controlled-avalanche diode structure with
organic  dielectric  passivation near room
temperature and above 200°C junction temperature



T T T | As a consequence, reliable operation of silicon high

102 2804 /—I_‘_,J_\. 4 voltage diodes at junction temperature ab@0e °C is
. 2 only possible when the surface component of the reverse
E A— A . . ) :
| 1190 pe ' current is kept at a low level by a suitable junction
- 1 d/ ot passivation process. Suitably chosen organic dielectrics
5 e .r_.fl"'/ for junction passivation may be more efficient at high
L 10eh " T E temperatures than the presently used inorganic
o .m e dielectrics. o
vt {_,,,f-"’ .- The experimental results presented in this work were
g | v .r_____.f-;—:'/v)’ taken on high carrier lifetime PN junctions i.e. the
8 -EEE"_'F__.# v i density of bulk generation —recombination centers is

low. However, for silicon fast recovery PN junctions the
bulk component of 4 may become the primary
component at ;Thigher than 125 — 150C, [4].
Nevertheless even in this case, the surface component

V’ - 13t passivation
Ve 5 2nd passivation
& 3rd passivation

103 ; ' . ' can still be a cause for reverse |-V characteristic
01 1 10 100 1000 .
degradation at elevated temperature.
Reverse voltage (V) To our knowledge PIN diodes based on SiC and with
109 e an area Iarger than_ 10 rhare still not av_ailel_:mle even as
; fﬂ demonstration devices. However, a significantly lower
183°C ad___ﬂf——"ﬁ level of | for SiC based devices is expectetause the
~ e L o S carrier ir_ltrinsic concentration _f(_)r this material is o_rders
g, Miic" of magnitude lower than for_ silicon. Nevertheless it has
- C L already been observed in the literature that the
5 " 166 °C .F_Q;_;:h—-! experimental values fog bre orders of magnitude higher
£ 105 187°0 23“0? E than predicted. Near room temperature, |-V reverse
3 electrical characteristics of similar shape and visible
0 10°C voltage dependence of Bs shown in Eig.2 have beep
LN - 15t passivation [ reported. At high Tthe same saturation tendency is
> : F 2nd passhation / observed. High excessivg is possible for a SiC PIN
0 I ' v AL, diode in comparison with another diode from the same
14 I -+ 3rd passivation / rane P ; ;
107 b /./5 ] wafer and with the same physical parameters. Published
i g experimental reverse voltage characteristics for 4H-SiC
Aﬁe% oréSH-ISiC diodes_ are often limited to less than 250
_ e and voltages significantly lower than those given for the
10801 : 0 - 1000 room temperature, [1,2]. Furthermore, the practice of
' expressing PN junction reverse leakage as a current
Reverse voltage (V) density (A/cn) can be misleading in the presence of a
significant contribution from surface current.
Figure 2. Electrical characteristics of a silicon high Evidently, high temperature surface passivation is an
voltage rectifier diode passivated with organic issue that will need to be addressed to successfully
dielectric; 1% passivation: ~permitted exposure of realize the full potential not only of silicon, but of SiC as
the junction peripheral surface to the surrounding well.

manufacturing ambience; 2™ and 3" passivations:
without exposure to the ambient but with acid

traces, more for the second and less for the third. 3. PN junction phySICaI mode|

The experimental results presented in Figs.1-2 can be
understood by taking into account surface electrical

: ; . . phenomena of the types shown in Fig.3. Either a surface
at the junction peripheral surface. Devices from tffe 2 inversion, depletion or accumulation layer may cause

and 8’ passivation cycle that were subjected to HTRB surface leakage current at reverse bias voltage. The

tests had a reverse current level of 0.5 — 0.7 mA at 250 . ;
°C and 300 V prior to the test. After the tests no surface current component is dependent on the carrier

significant change in the level gfwas found. It is likely @ntrin_sic conc_:en.tr.ation. .Consequently, for silicon based
that local overheating takes place at the junctionjuncuon.S aS|gn|f|can§ hlgher level afi expected than

. . for semiconductors with higher band gap energy.
peripheral - surface due to excessive local POWEl Besides the bulk component f Uniformly distributed
dissipation, particularly if it is considered that the

surface current is unlikely to be uniformly distributed - the junction area, the surface component may be
; . Kely y non-uniformly distributed over the junction perimeter so
around the junction perimeter.

that reverse current crowding may be favored in some

300 V of 6 — 8 mA. After the test, electrical short-
circuits were found, caused by local current conducting



Figure 3. Surface space charge layers in silicon PN
junctions under reverse bias voltage;

inversion and depletion layer in mesa (a) and
planar (b) PN junction;

accumulation layer in mesa (c) and planar (d) PN
junction;

1- passivation dielectric layer; 2- inversion or
accumulation layer; 3- depletion layer;

local regions. Ideally, the junction passivation process
would prevent a surface space charge layer forming to
assure device ability for operation gthigher than 200

°C. In practice a surface depletion or inversion layer
may be responsible for excessive highat high T —
such as in the case in Fig.1 before annealing or in Fig.2
(1% passivation) whilst a charge accumulation layer can
reduce the surface leakage current. This may account for
the behaviour observed in Fig.1 & 2. With a decrease in
the doping concentration of the starting silicon material
necessary to obtain high working voltages, the formation
of a surface space charge layer at the semiconductor
surface is more difficult to control. Control difficulties
may be also encountered for SiC due to a significant
lower intrinsic concentration. More influence on the
level of |z at high T or on the obtained breakdown
voltage value is expected. A weak accumulation layer
obtained by suitable junction passivation could be
acceptable for high junction temperature operation
providing low level of § from low to high reverse
voltage. The annealing process and silicon surface
treatment with acid traces whilst avoiding
contamination from the surrounding ambient are thought
to be instrumental in creating these conditions.

4. Conclusion

The results presented indicate that high temperature
operation of silicon power devices may be still affected
by a significant surface leakage current component.
Presently available junction passivation based on the Si-
SiG, interface does not appear to provide an adequate
control of leakage current needed to fully realize the
potential of silicon at temperatures above 200This is
an issue that will be particularly relevant to the
successful introduction of SiC devices.
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