1628 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 9, SEPTEMBER 2002

Photo Carrier Generation in Bipolar Transistors
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Abstract—Anomalous substrate currents have been observed in 102 L 2
bipolar NPN-transistors, dependent on the collector bias, at high A;=0.5x9.5um ¥ offoct
current levels. These currents appear to originate from light that is 10* | T=298K i eftee

le

generated in the collector base junction when it is reverse biased.
This light generates electron hole pairs in the i buried layer-sub-
strate diode, yielding a considerable substrate current.

This paper will show that these substrate currents can be used as
a useful monitor for the occurrence of avalanche multiplication and
high-level injection (Kirk effect) in heterojunction bipolar transis-
tors (HBTS).

Index Terms—Avalanche currents, light emission, SiGe HBTSs,
Silicon devices, Silicon-Germanium.

1 (A)

|I. INTRODUCTION

T IS WELL known that when a p-n-junction is biased intq.. . . . L
. . : L . : ig. 1. Gummel plot of a bipolar transistod g = 0.5 x 9.5 gm?), in which
avalanche, light is emitted. This light is absorbed in the SUjrso the substrate current is shown for varidis (0, 0.5, 1, 1.5, and 2 V).
rounding substrate and generates electron-hole pairs [1]-[3].

In this paper, it will be shown that light emitted from the coljeve| injection as well as series resistance effects [5]. Itis hard to
lector-base junction of a bipolar transistor generates a sigriffstinguish between these two effects. The base current shows a
icant substrate current in the underlying buried layer-substrgigk at highV;. . This kink is simply due to a voltage drop across
(n*p) diode. We have found that the ratio between the substrgiie emitter resistance and a stronger saturation of the collector
current and the avalanche curreft,/1...) is approximately current (modified Kirk effect) in our SiGe HBTSs, as has been ex-
2% 1077, which is in agreement with what has been measuredtignsively described in [6]. In Fig. 1, we observe that a significant
MOS transistors [1], [4]. This ratio is independent of the bias afubstrate current flows for increasing collector base voltages for
the collector substrate diode. Accordingly, this substrate currenspecific range of base emitter voltages. This substrate current
can be used as a monitor for the occurrence of avalanche nadnsists of four parts.

tiplication and high-level injection in the collector base diode. At V3. < 0.62V (region A), the measured current is about 60

It can therefore be utilized to differentiate between series resid-and close to the lowest measurable value (10 fA). Therefore

tance effects and the Kirk-effect. this collector substrate leakage curreiyt,() shows no collector
base voltage dependence. From medium up to high collector
Il. EXPERIMENTAL current densities (region B,,,;, increases proportionally to the

o . ) collector currenf . In addition, /., increases with increasing
~ The fabrication process for the SiGe HBTs, used in thig)ector—base voltag . In regions C and D, base widening
investigation, has been described extensively in [S]. By usingirk effect) and emitter series resistance limits the collector

selective epitaxial growth in an LPCVD reactor the base hggyrent slopel,.,, also decreases in region C, but in region D,
been deposited with a Germanium content of 16%. A measuligslyever, it increases again.

Gummel plot is shown in Fig. 1. In this plot, the collector and
base current as well as the substrate current are shown as a . DISCUSSION

function of the base—emitter voltage. he ob d sub b lained if
The collector and base current show an ideal exponential el e observed substrate cur'rents can be expiained It we as-
havior (slopex 60 mV/dec). FoiV,. > 0.8 V the curves start sume that these currents are induced by light that is generated

to deviate from the ideal behavior. This deviation is due to higlthen the collector-base diode is biased into avalanche. This is

schematically depicted in Fig. 2.
When the collector—base diode is reverse biased, light is gen-
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Fig. 2. Schematic view of a bipolar transistor with generation of light due to 1 Vv, =0.9V
avalanche.
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| @ ; L © ® at the buried layer side (region D). So, the substrate current acts
10 03 05 07 o9 11 like a measure for the behavior of the electric field in the col-
Vo (V) lector-base junction and thus for the occurrence of avalanche

and Kirk effect. From Fig. 3, it also appears that the ratio be-
Fig. 3. Collector {¢), substrate sy 5), and avalanche current plotted as stween the substrate current and the avalanche current is approx-
function of the base emitter voltagg, ... is obtained by subtracting the baseimate|y 1073, This value has been reported being a typical value
current/ g measured &t~z = 2V from the base current measuredatz =0 . ) . . . .
V ((Tawe = I5(Ven = OV)—I5(Vep = 2 V). Isu 5 is plotted for different O light generated currents if the detecting diode is placed close
Viot—sus, Showing no dependence on the collector—substrate voltage. the transistor [1], [3].
In addition, Fig. 5 shows that substrate current measurements
In Fig. 3, we observe that the avalanche currdpt) in- at different collector currents show the same temperature de-
creases monotonously unfit, = 0.88 V. Then this current pendence. The activation energyAs = 60 meV. This is the
decreases for 0.88 ¥ Vi < 0.93 V. Finally, atVz; > 0.93 same activation energy as the avalanche current of the CB-diode,
V the avalanche current increases again. The substrate cur@ivgn by the known negative temperature coefficient of the im-

shows a similar behavior (see also Fig. 1), independent from #@Ct ionization rate [7].
reverse collector—substrate bidgf_,..). When the parasitic base—collector—substrate p-n-p-transistor

Fig. 4 shows simulation results of the electric field in thés concerned, the substrate current is expected to increase mo-
collector-base junction, where the electric field is shown atr@tonously with increasing “collector—base” voltage, since the
constant collector—base voltage(z 2 V) for three dif- electric field will increase monotonously and will not “invert”
ferent base—emitter voltage€zr = 0.8 V, Vg 0.85 V due to the absence of arf jpuried layer. This is demonstrated
andVgg = 0.9V, respectively. in Fig. 6, where the Gummel plot as well as the substrate cur-

At the onset of the Kirk effect, the electric field of the colrent of the parasitic pnp-transistor are shown. It is clearly ob-
lector—base junction decreases at the base side, then becosfgeed, that the substrate current increases monotonously with
flat and finally increases at thetnburied layer side. As this increasing substrate voltage (which forms the collector of the
electric field counts exponentially into the impact ionization, ip-n-p transistor).
is obvious that the avalanche current and therefore the substratkn order to verify whether light is generated when the col-
current first decreases with increasing base—emitter voltage (estor base junction is biased into avalanche, we have performed
gion C) and then increases again with increasing electric fiadgtical measurements using photon emission microscopy in the
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Fig. 5. Substrate current as a function of temperature at various collectc
currents.
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Fig. 6. Measurement of the parasitic base—collector—substrate (p-n-p) 107 . 107
transistor. Due to the absence of the fayer, the substrate current increases V‘V'\‘,\/‘\“
monotonously with increasing substrate voltage. 1072 ‘ I ‘ ! . ! 10
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400-900 nm wavelength range. Fig. 7 shows a typical phatg.s. Lightintensity measurement. The base and collector current are drawn
emission microscopy image_ The npn transistor is located in tinesolid lines, the substrate current is drawn in a dashed line. The measured

. . . ight, generated in the transistor, is depicted by black squares. The numbers
mld_dl_e of the bondpads, where a light S_pOt is detected Clearl)}il%?he figures are the intensities (arbitrary scale). The transistor was biased at
sufficient high collector base reverse biases. At small collectof, =3V Vg = —1 V.
base reverse biaselg{g) no light was detected, indicating that
the light is not generated in the forward biased emitter base junc-
tion but is induced by the into avalanche biased collector base ) ] ) ) )
: : We have shown that in heterojunction bipolar transistors
junction. BT h itted f h biased col

In order to quantify the amount of emitted photons the Iig?ﬁ_| S)t’) P Qton.:,., emltc:e h.r(;m the treve;s?— lase cot—
intensity has been measured as a function of the collector b escéor— ase junction under fugh currént conditions, generate

. substrate currents in thefrburied layer-(p) substrate diode.
voltage {o) and collector currentli-(Veg)). Fig. 8 shows ) ; ;
. ) . This current can easily be measured and monitors accurately,

that the substrate current is proportional to the amount of Ilg\pvt

that is generated because of avalanche. This broves that the |Lh_out interference of emitter or base resistance, how the elec-
9 . ISP Hefield in the collector—base junction changes with high-level
strate current can indeed be used as a monitor for the occurre

. o . if&ction (Kirk effect). It can therefore be well utilized to differ-
of avalanche and Kirk effect in bipolar transistors and therefog3 tiate between series resistance effects and the Kirk-effect

enables to make a distinction between the Kirk effect and emitter
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