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Abstract—The effects of fluorine on the hot-carrier induced degrada- g
tion in low-thermal-budget polysilicon-emitter NPN bipolar transistors S n-LDE :
have been examined. Forward Gummel plots, base-emitter (BE) diode @~ 177

characteristics, and stress currents were measured during reverse BE bias
stress. Fluorinated devices behave similarly under stress to nonfluorinated P
devices retaining the initial improvement observed in the forward-bias
base current, which is due to suppression of recombination in the BE
junction depletion regions at the oxide/silicon interface. The benefits of
fluorination, and particularly the reduction in base current in fluorinated
devices, appear to be robust—that is, there is no evidence that the defects
passivated by fluorine are reactivated during stressing, or that fluorination
introduces additional defects that are activated under stressing.

Emitter-Base depletion region

Fig. 1. Schematic cros section of the polysilicon emitters of NPN BJTs.

The effects of fluorine on the reliability of bipolar transistors (e.g.,
Index Terms—Fluorination, hot carriers, polysilicon bipolar junction BJTs and HBTSs) are not well documented. Recent interest in the im-
transistor (BJT), reliability. pact of fluorine in silicon-based transistors has been mainly focused on
two related beneficial effects of fluorine implantation into the polysil-
icon emitters [9]-[14]: 1) enhancement in break-up of the interfacial
oxide layer at a lower temperature; and 2) suppression of recombina-
Hot-carrier induced degradation is one of the most serious problefiish in the BE junction depletion regions through passivation of surface
in the reliability of bipolar junction transistors (BJTs). The reliabilitystates at the oxide/silicon interface. Itis the second effect that prompted
issue arises when the base-emitter (BE) junction is reverse biased, agifio investigate whether fluorination leads to improved resistance to
the normal BiICMOS circuit operation [1]. Extensive investigations Giot-carrier stressing, or whether the initial improvement is lost. Here,
the effect [2] have identified that this degradation is mainly caused Ry present data of the hot-carrier stressing of polysilicon-emitter NPN

injection of energetic holes and/or electrons into the oxide surroundiBgTs implanted with fluorine, and compare them with nonimplanted
the BE junction and at the oxide/silicon interface. This leads to thgyices.

generation of interface traps and damage at the oxide/silicon interface
near the high field BE junction.

The interface traps are believed to be generated by hot carriers,
through the breaking of weak interface bonds. The breaking of Si—-HThe devices studied in this paper are self-aligned NPN BJTs with
bonds has been suggested [3] as one of the important mechanism®@dysilicon emitters, fabricated in a simple conventional procedure [9],
the trap generation, because hydrogen is weakly bonded to siliddgl, [13]. The base and low-doped emitter (LDE) were produced by
and has relatively high mobility at the oxide/silicon interface. Onénplanting boron and phosphorus, respectively, into (100) Czochralski
approach to improving resistance to stressing is to replace the wedkign-n" epitaxial silicon wafers through an 80 nm screen oxide formed
bonded hydrogen with an element that forms stronger bonds to silic&. @ thermal oxidation in dry ©at 1100 °C. The phosphorus was
Fluorine, being the most electronegative of the elements, is a gdtplanted through an emitter window (EW) in photoresist. After the
candidate, and so has been incorporated into unipolar (e.g., CMcﬁgplant the screen oxide in the EW was removed, and the surrounding
devices to improve the device reliability [4]-[6]. Overall, fluorinescreen oxide remained as the isolation oxide at the emitter perimeter.
has a positive effect. An appropriate amount of fluorine can passivaiemediately prior to polysilicon emitter deposition, the wafers were
hydrogen-related sites that are precursors to interface trap generasigbjected to an HF interface treatment, which leads to a surface oxide
[4]. Fluorination replaces the weak Si—H bonds by Si—F bonds af@yer of ~4 A thick, and then nominally 200 nm polysilicon was de-
relaxes strain at the oxide/silicon interface, reducing generation R@sited at 610 C. Fluorine was thenimplanted at 30 keV in two stages
interface traps and oxide trapped charges during hot-carrier injectiévgive two different doses, & 10'> cm™ and 5x 10'* cm™*, in op-
or ionizing radiation [5]. Detrimental effects of the fluorine incorpofosite quarters of each wafer. Wafers were subjected to an interface
ration, however, have also been observed. These include enhancer@Bhgal for 30 s at 950C following 600 nm LPCVD oxide deposition
of boron diffusion in oxide [7] and negative charge trapping at hig#t 400 °C. The polysilicon emitter was completed by implanting with
electric fields [8], as well as generation of additional traps for Sirsenic, and then performing an emitter drive-in at 9@or 30 s. The
interstitials [7]—all of which may lead to poor dielectric quality andEW is 6 6 um” in all the devices reported here. The devices available
device reliability [4], [7], [8]. have various sizes of contact window (CW) to the emittex(4-12

x 12 zm?). Fig. 1 shows a schematic cross section of the polysilicon

emitter.
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This stress was interrupted periodically for measurements, which in-
cluded forward Gummel plots and BE diode characteristics.
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Fig. 2. Typical I-V characteristics of the base-emitter junction at roonfig. 4. Impact of fluorine on stress currenfs, at —8 V versus stress

temperature for a nonfluorinated Si BJT device. The reverse-bias voltage Wagsrge Q. All the nonfluorinated and fluorinated devices have the same

extended successively from3 to — 10 V for each sweep measurement. EW dimension (6x 6 pm?), some of them have different CW dimensions,
ranging from 4x 4 um? to 12 X 12 um?, as shown in the figure.
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Fig. 5. Impact of fluorine on the base curredts at low bias (0.5 V) versus

Fig. 3. Typical Gummel plot variations during reverse BE bias stressing @s7 for the same devices shown in Fig. 3.
—8 V for a nonfluorinated device. The inset shows stress-induced changes in
the collector current dependent gain.

creases considerably, whereas the collector current is not affected. This
gives rise to a drop in the current gain at low currents (see the inset),
consistent with previous reports [15]. The BE diode characteristics

Fig. 2 shows typical-V characteristics of the BE junction at roomwere also degraded by this long-term stressing. The reverse leakage
temperature for a nonfluorinated Si BJT device. The reverse charactrrrent increases with increasing stress time, similar to the changes in
istics were measured by extending the reverse-bias limit successivelyerse bias shown in Fig. 2. Moreover, the forward leakage current in-
from —3 to —10 V. There is a strong field dependent leakage currenteases too, as is normally observed [15]. Significant increases occur at
in the reverse-bias regime; the avalanche breakdown occurs at apptow-reverse- and forward-bias. Since the stress current varies during the
imately —9 V. As each curve is measured, the device appears to tienstant reverse-bias voltage stressing, the accumulated stress charge
stressed enough during the sweep that the current at a given bias i€Jp+ rather than time was used as a measure of stress progression, for
creased on the subsequent curve. This increase is most noticeableomparison of the devices with and without fluorine.
reverse-bias. Fig. 4 shows the variation of the stress currehts at—8 V versus

For both nonfluorinated and fluorinated devices, little degradatials. The data points at zer@s+ are the initial values ofsr. The
in device characteristics was observed after stressing at lowertBanresults for 1x 10'° cm™? fluorinated devices are not shown, but were
V for up to 3 x 10" s, due to the low reverse BE leakage currentsimilar to those for the nonfluorinated devices. With increaging-,
These currents are low because of the relatively large device dimdps increase for both the nonfluorinated and fluorinated devices, and in
sions and low doping levels in the base (1910'® cm™), leading most cases reaches saturation aftérx 10° ;:C. The starting values
to lower perimeter electric fields than found in state-of-the-art smaif Is; vary considerably between the devices, whether the devices are
emitter Si BJTs. A higher reverse-bias voltage-& V was, therefore, fluorinated or not.
applied for the hot-carrier stressing studies. Fig. 5 shows the effect of fluorine on the low-bias base curréats

Fig. 3 shows typical Gummel plot variations during reverse biagt Vg = 0.5 V versusQsr for the same devices shown in Fig. 4.
stressing at-8 V for a nonfluorinated Si BJT device. With increasingThe scatter il between the devices is at least a factor 10 less than
stress time, the base current, particularly in the low-bias region, ithe scatter in/s7. The initial values oflg of all fluorinated devices

lll. RESULTS
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Fig. 6. Impact of fluorine on the gain degradation at low bias (0.5 V).
Fig. 7. Impact of fluorine on the rate of degradation in the base cuskefy .

are lower than those of nonfluorinated devices. This improvement in

Iz due to the reduced nonideal base current component was reportedere, we are interested in the defects associated with increasing
for a larger number of samples in [12], [13] than studied here, and waigce they result in a degraded gain. The contributionksta@an be
attributed to suppression of recombination in the BE junction depletigyritten as follows:

regions at the oxide/silicon interface [9]-[14]. This suppressiofsof

by fluorine incorporation leads to improved gain, as shown in Fig. 6. [gF =TInq, nonfluorinated device before stressing 1)
In all cases/s begins to increase faps+ in the range of 18 ;C to

10* 2 C, whether the device is fluorinated or not, and then degrades at Ig" =1Iso+Ibs

roughly the same_rate W|tf35r_(> 10" _;zC). There_ is no evm!ence that _ nonfluorinated device after stressing @)
Ip degrades earlier or more in fluorinated devices than in nonfluori- ,
nated ones. AIZ" =1Iss

stress-induced changes for nonfluorinated device 3
IV. DISCUSSION

Y _ . . )
Hot-carrier stressing can cause degradation in BJT characteristics by Iy =Ipo — Inr, fiuorinated device before stressing )

atleast two mechanisms [2]. First, it can break weak interface bondsto 15 = 15, — Iy, + I'sc
create defect®Vi. that provide sites for recombination or for trap-as-
sisted tunneling. Second, stressing can inject charge into the oxide sur-
roundlng the BE]UI’]C.T.IOI’], and thls. charge buﬂd-up can modify the.de- AL =Ihs + Isr — Iy
pletion region, changing both the field and depletion width [16]. Oxide
charge build-up is negligible for low values@fs7 in tunneling regime stress-induced changes for fluorinated device (6)
stress [17], whereas the degradation is driven by generation of fast in-
terface traps. Only for a large amount@f+, or in avalanche regime where’,,. accounts for the possibility that stressing could remove the
stress, are the capture cross sections larger and the average energg@éfits of the fluorine (and hence change the valubsef), andl’
hot carriers higher. This can lead to significant positive charge trappiggcounts for the possibility that the effects of stressing may be dif-
into the oxide close to the silicon interface. Consequently, it seems Y&rent in fluorinated and nonfluorinated devices. Expressions (5) and
likely that changes in the field due to charge trapping are enough(®) indicate the two ways that fluorination and stressing can interact.
account for an increase in the stress curdent by several orders of First, stressing could remove the benefits of fluorine, reduging be-
magnitude within lowQ 51 (~10" .C), so itis likely that trap-assisted fore stressing td}; after stressing. For instance, some Si—F bonds re-
tunneling dominategsy [18], [19]. For the low-bias base current insulting from the defects passivated by F may be strained and weakened
the Gummel plot, it likely results from Shockley—Read-Hall (SRH) redue to poor fluorine microstructure, such as a clustered fluorine phase.
combination in the depletion region via trap states. The defects respPhese strained Si—F bonds might be unstable under stressing. Second,
sible for increasindsr and/g are often attributed to be located at thefluorination can change the resistance of the device to stressing, making
oxide/silicon interface, where the stress is expected to produce damagg either smaller or larger thahzs. Since only a small fraction
[2]. (1:100) of the incorporated fluorine play a role of terminating the sil-
The stress currenfisr varies during stress progression differentlyicon dangling bonds (also known & centers) at the SigSi inter-
than the changes ihs. With increasingl sz, Isr increases, then sat- face [20], the rest of the fluorine can passivate other defects (e.g., hy-
urates, whilels does not saturate up to the maximdhg, measured. drogen-related sites and oxygen vacancies) and relax the strain at the
The difference in the behaviors 6§, andlz implies that the defects oxide/silicon interface through breaking weak or strained bonds to form
involved in determininds, may be not the same defects as those itmuch stronger Si—F bonds with different configurations [5]. This con-
volvedin determinind . The other possibility is that aftésr reaches sequently could result in lower densities of both the interface traps and
saturation folQst > ~5 x 10® ;C, the charge trapping becomes aptheir precursors, and hence, improved hot-carrier resistance for appro-
preciable so that the surface potentialis raised significantly, leading priately fluorinated devices (i.els < Iss). However, when excess
to further increase idg that is a function of bothV;; andv's [2]. fluorine is incorporated, the device reliability is expected to get worse

fluorinated device after stressing (5)
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again {55 > Ips) due to too many nonbridging oxygen bonds and[11] C.R. Bolognesi and M. B. Rowlandson, “Impact of fluorine incorpora-
poor fluorine microstructure created [5], which is known to be harmful
to the oxide reliability.

For clarity, ATS ¥ andATIE versus s+ are shown in Fig. 7. From
Figs. 5and 7, we see that at &y 7, the termd s andl 55 are much

smaller than the terniz». No evidence was found for any reduction [13]

in Igp to Iz atlow Qsr, because the fluorinated devices begin to
degrade at about the same valu&€xfr as the nonfluorinated devices
do. Therefore, we can conclude that the reductiofsirdue to fluori-
nation is robust enough to resist stressing atdow:- . At largeQsr,
however, the situation is more complicated because the tesmand

I, become larger and dominafe. Within the scatter in the results, [15]

there is no evidence that}; (or I';5) differs fromAIS ™ (or Irs),
neither is it clear whether there is any chang&dn atlarge) s since
it would be masked by the dominating compondnts and/5 . It ap-

pears that fluorination at the levels used does not improve the resistance
to stressing in the devices studied here, but neither does it make the de-

vices degrade more easily under stressing.

In summary, it appears that the defects passivated by fluorine arlty]
not reactivated under electrical stressing. The fluorine incorporation in
our devices seems not to introduce additional defects that are activated
under stressing, indicating no adverse effect is imposed by fluorinatiofi8]
on device reliability. Detailed measurements on devices with smaller

emitters and high base doping levels are required to confirm wheth

the advantages of fluorine would extend to state-of-the-art devices wit

emitter widths< 1 zm and base doping over focm 2. Furthermore,

we suspect that the lack of improved resistance to hot-carrier stressing
in fluorinated BJT devices is related to the fluorine microstructure and20]

distribution at the silicon/oxide interface.
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