This article has been accepted for publication in IEEE Electron Device Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LED.2024.3391729

First Author et al.: Title

Broadband PureB Ge-on-Si photodiodes
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Abstract—Broadband PureB Ge-on-Si photodiodes were
fabricated by in-situ capping of n-type Ge-islands grown
by chemical-vapor deposition on Si with a 10-nm-thick
pure boron layer. Using deposition temperatures from
575°C - 700°C, the B-layer forms p*-like anodes with nm-
shallow junctions and low dark currents, enabling close to
ideal responsivities of 0.13, 0.37, 0.48, and 0.19 A/W at
wavelengths 406, 670, 1310 and 1550 nm, respectively.

Index Terms— Broadband, chemical-vapor deposition,
germanium, pure boron, photodiodes, responsivity,
ultrashallow junctions

|. INTRODUCTION

HILE silicon remains the mainstream microelectronics

material, the higher mobility and optical infrared
absorption of Ge has positioned it as an important material for
integration in both CMOS and Si-based photonic circuits
(PICs) [1],[2]. Particularly important in this respect has been
the development over the last two decades of methods for
growing high-quality Ge crystals directly on Si substrates [3-
5]. For the integration of Ge IR photodiodes, the performance
is often limited by high dark currents related to defects and/or
poor passivation of the p-n junctions. With respect to
responsivity, Ge photodiodes are usually only characterized
down to about 600 nm, below which the junction is mainly too
deep compared to the absorption length of the light [6-8].

In silicon, the depth of highly-doped junctions also impeded
the fabrication of efficient VUV and low-energy-electron
photodiodes. PureB technology was introduced as a potent
solution [9], [10], offering nm-shallow p*-n-like junctions by
using low-temperature deposition of down to 2-nm-thick pure
boron layers directly on the Si. This damage-free fabrication
method also ensured low dark currents, and, of major
importance for the application, high stability and robustness
were achieved due to the very stable B-Si interface containing
a high concentration fixed negative charge combined with the
chemically resilient nature of the B-layer itself [11], [12].

Initial experiments applying B deposited directly on Ge did
not result in diodes with low dark currents, which was thought
to be due to low diffusivity/solubility of B in Ge [8]. On Si, a
wetting layer of Ga deposited at 400°C was found to also form
p*-like regions [13], and, when capped by a 400°C B-layer,
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this “PureGaB” diode displayed much better B material
properties than PureB-only diodes [14]. On Ge, this motivated
the use of a Ga wetting layer to provide damage-free p-doping.
A capping layer of B was also applied, functioning as a
material barrier to Al metallization [15]. In this way, PureGaB
Ge-on-Si photodiodes were fabricated with low dark currents
and broadband responsivity verified down to 255 nm [16].

The PureGaB Ge-on-Si results were very promising but the
deposition of Ga in the CVD reactors being used, such as the
ASM Epsilon, proved problematic due to the corrosive nature
of Ga deposited on the walls of the quartz deposition
chambers. Therefore, focus has shifted to the PureB option. In
this paper we present work that has resulted in the fabrication
of PureB Ge-on-Si photodiodes with low dark currents and
high responsivity for wavelengths from 406 nm to 1550 nm.

Il. EXPERIMENTAL PROCEDURES

For this study of diodes fabricated by depositing pure B on
Ge; 4 wafers with Ge islands grown in the same way were
available. A schematic cross section along with images of the
fabricated devices are shown in Fig.1. The Si substrates were
2-5 ohm-cm n-type (100) 100-mm wafers covered with 1-um-
thick thermal SiO,. They were patterned with windows
plasma-etched to the Si surface in areas ranging from 4x4 um?
to 1x1 cm?. All the depositions were performed in an ASM
Epsilon 2000 CVD reactor equipped with germane (GeHs) and
diborane (B,Hg) carrier gases. After native oxide removal, Ge
islands were grown with high selectively in the oxide windows
at 385-425°C and annealed at 850°C for 2 min. The growth
was strong in the <100> direction and inhibited in the <311>
direction, resulting in flat-top pyramids with no Ge attached to
the SiO; sidewalls. The Ge flat-top thickness was 1450+5 nm
for the 2525 pm? diodes used to measure responsivity.

Without vacuum break, the Ge-islands were capped with a
targeted 10-nm-thick B-layer grown with the 4 different

pressure/temperature combinations listed in Table I. Spectro-
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Fig. 1. Schematic diode cross section (a) and corresponding scanning
electron microscopy image (b). (c) Optical microscopy images of diode

contacting with (left to right) full, ring and finger metal coverage.
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TABLE |
BORON DEPOSITION PARAMETERS AND PROPERTIES

Sample Dep. Dep. | Thickness Pe Etch Ge
Temp | Pres- + (kQ- rate doping

(°C) sure | roughness | cm?) (nm/ 10"

(torr) (nm) min) cm?

B700AT 700 760 9.4+1.4 29+8 0.034 1.0

B700RP 700 20 10.8+2.2 1.2+0.2 0.083 3.0

B575AT 575 760 12.749.5 | 9.746.3 0.41 1.2

B575RP 575 20 11.0+1.4 | 4.9+2.7 0.34 1.02

scopic ellipsometry (SE) was used to estimate the thickness of
the B and Ge as-grown layers; results are given in Table I. The
B-layer was modeled with two regions: the first region directly
on the Ge containing a compact homogeneous B film and a
surface region of incomplete (non-compact) B coverage
commonly referred to as the roughness layer [17].

For comparison purposes, the 4 B-layer types were also de-
posited on wafers with oxide windows to bare Si. Contacting
was performed by lifting off 1-um sputtered Al/Si(1%). As
shown in Fig. 1, photodiodes with different Al coverage of the
photosensitive area were available. As a last step, the samples
were alloyed at 400°C to improve Al adhesion.

Optoelectronic measurements were performed at 25°C.
using an in-house setup built around a Karl Suss MicroTec
PM300 wafer-prober, as described in detail in [18]. A Keithley
4200 parameter analyzer was used to measure C-V and I-V
characteristics, the latter also while exposing the diodes to
laser light from a 4-channel laser source, Thorlabs MCLSI,
using fiber-coupled laser diodes. The available wavelengths
were A = 406 nm, 670 nm, 1310 nm, and 1550 nm. The fiber
was connected to the lamp adapter of the probe station to
focus the whole spot on the central region of the diodes. The
optical power received by the diodes was measured using
Thorlabs slide power sensors: the S120C (Si) for 400 - 1100
nm and S122C (Ge) for 700 - 1800 nm wavelengths.

IIl. ELECTRICAL MEASUREMENTS AND MATERIAL ANALYSIS

Examples of the I-V characteristics of the Ge diodes are
shown in Fig. 2a and compared to PureB Si diodes. All Ge
diodes, had an ideality factor n = 1 and close to the same
forward current at 0.14 V. This is also the case independent of
Al-coverage of the anode showing that the metal does not
affect the critical B-Ge interface properties. At V'=0.14 V, [
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Fig. 2. (a) I-V characteristics of PureB Ge diodes with full Al-contacting
compared to Si diodes. Area dependence of / at (b) 0.14 V forward, (c)
1V forward, and (d) 20 V reverse voltage; with dotted trend lines.

increases linearly with area (Fig. 2b), while at higher V it
becomes attenuated by series resistance and differences
between the devices are large (Fig. 2c). At high reverse V' =20
V, differences in [ are also evident (Fig. 2d).

The series resistance through the B-layer was estimated
from the diode I-V characteristics as well as transmission-line
measurements on structures contacting the B-layer. The corre-
sponding contact resistivity, p, is listed in Table I. The p. is
very high which is in agreement with the B resistivity values
known from PureB Si research to be in the order of kQ2-cm
[9]. In contrast, the sheet resistance along the B-Ge interface is
in all cases ~ 3 k()/sq which is about 4 times lower than for
similar Si devices, indicating the mobility advantage of Ge.

Earlier PureB Si studies have shown that the B-layer
density increased with deposition temperature [19]. The high
contact resistivity of the B7O0OAT B-layer, suggests that this is
also the case here. The etch rates in RT Al-etchant were
measured and listed in Table 1. The B-layers deposited on the
Si-only samples did not etch at RT but required 45°C for B-
removal [19]. Thus the B deposited on Ge was much more
loosely bonded than on Si, but the 700°C B-layers did etch
slower than the 575°C layers. The perfection of the substrate
surface is also plays a role [20]. Here the samples with high
Ge defect densities clearly have less perfect B-layers.

From PureB Si studies we have seen that with B deposited
at 450°C-700°C even 3-nm-thin layers formed a material
barrier to Al, Au and Cu [12]. However, for deposition below
400°C the B-layers were very loosely bonded and pure Al
metallization would penetrate weak spots, forming Schottky
diodes to the Si and significantly increasing electron injection
into the PureB anodes [21]. Such Schottky formation was
prevented by applying Al/Si(1%), perhaps because Si
precipitates, p-doped with Al, preferentially form on the Si
surface. By using Al/Si(1%) for the present Ge experiments a
Schottky-free B-Ge interface was maintained even for the
most loosely bonded B-layers. However, the lowering of the
contact resistance does show that Al was penetrating further
into the less dense layers.

Doping profiles were extracted from C-J measurements.
and listed in Table 1. The difference in doping levels between
the samples can be caused by differences in the density of
donor-type defects and/or memory effects during deposition.

For both the Ge and Si diodes, the hole injection is
dominated by the integral n-doping of the Si substrate. The
decades higher saturation current of the Ge diodes is therefore
dominated by electron injection into the anode, the Gummel
number of which corresponds to an integral p-doping of
4x10'" ¢cm?, very similar to that of PureB Si diodes [14].

IV. OPTICAL CHARACTERIZATION

The optoelectrical /-7 characteristics and responsivity are
shown in Fig. 3 for a B700AT 25x25 um? ring-contacted
diode that displayed one of the lowest dark current levels. At 0
V the responsivity is low but increases with reverse biasing.
The Ge should be depleted at about 0.8 V reverse bias which
should help to increase the responsivity, particularly for the
longer wavelengths. However, with the doping levels and
bandgaps of the Ge and Si used in these experiments, a
potential barrier at the Ge-Si interface, as illustrated in Fig. 4,
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Fig. 3. Reverse current and responsivity of a B700AT photodiode with
area 25x25 um? and exposure to 4 different wavelengths.
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Fig. 4. Left: Bandgap diagram illustrating the barrier for electron
injection into the n-Si substrate, and the strong band-bending at the Ge
surface in the presence of a high concentration of fixed negative
charge at the B-Ge interface. Right: The experimental responsivity of
B700AT at 20 V reverse bias, compared to the theoretical responsivity
calculated at 406, 670, 1310, and 1550 nm for 3 different combinations
of B and Ge, joined by dotted lines.

TABLE Il
OPTICAL CONSTANTS FOR B-LAYERS
Wave- Absorption Absorption Minimum
length n k coefficient length anti-reflective
(nm) (cm™) (nm) coating on Ge
(nm) [25]
406 3.509 | 0.817 252670 39.5773 28.93
670 3.319 | 0.303 56923.7 175.674 50.46
1310 | 3.198 | 0.099 9478.16 1055.06 102.4
1550 | 3.182 | 0.078 6314.57 1583.64 121.8

will inhibit the collection of electrons at the Si cathode. This
barrier can also be higher if acceptor-type defects are present
at the Ge-Si interface. The barrier can be reduced by
increasing the reverse voltage and the responsivity increases
steadily when going up to 20 V, more so for the 2 long
wavelengths that do not benefit from detection in the Si.

Similar results were found for the other samples but the
responsivity values were consistently lower when dark
currents were higher, indicating that the defects were also
causing recombination of light-generated carriers. Most of the
measured samples displayed responsivity within 80% of the
B700AT values, but on sample B575RP the responsivity
levels were reduced by as much as 50% with large spread.
This sample was visually more defected than the other
samples and also had the highest B etch rate. Hence it is
plausible that the Ge defects are the main cause of these
reductions in responsivity.

In Fig. 4 the B700AT responsivity is compared to the
“ideal” responsivity calculated using the optical parameters for
Ge and Si from [22-24]. The B parameters (Table II) were
measured in house by SE on Si samples. The effect of Ge
defects was omitted. The analysis shows that for the short
wavelengths, the absorption in the B is the most limiting factor
while for the long wavelengths the Ge thickness limits the
detection. Variations in layer thickness/roughness will impact
the experimental results but the trend and amounts of both
theoretical and experimental values are very similar,
indicating that sample B700AT has close to ideal responsivity.

V. CONCLUSION

All the studied B-layer depositions resulted in the same low
diode saturation current of 40 pA/cm? corresponding to an
anode Gummel number equivalent to a high integral p-doping
of 4x10" ¢m?. In agreement with this the sheet resistance
along the B-Ge p-type interface region, was a low 3 kQ/sq. In
contrast, the overall optoelectrical performance of PureB Ge
(photo)diodes was to a large extent dependent on the quality
of the Ge. Not only did the otherwise close to ideal
responsivity decrease and dark currents increase with
increasing Ge defect density but also the density of the B-layer
was deteriorated. This allowed an increased penetration of Al
into the B. The density of the B-layer was in all cases much
lower than comparable layers on Si. This, and the dependence
on Ge quality, will make the direct contacting of tunneling B-
layers needed for low series resistance, such as routinely
applied in PureB Si photodiodes, more challenging.
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