
Solid-State Electronics 186 (2021) 108041

Available online 2 June 2021
0038-1101/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Nanolayer boron-semiconductor interfaces and their device applications 

Lis K. Nanver *, Lin Qi, Xingyu Liu, Tihomir Knežević 
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A B S T R A C T   

Nanolayers of pure boron (PureB) deposited on Si form p+-type regions at deposition temperatures from 50 ◦C to 
700 ◦C. At 700 ◦C, commercial PureB photodiodes are produced for advanced detection systems including those 
in extreme-ultraviolet (EUV) lithography systems. In addition, potent MEMS applications of B-nanolayers have 
been demonstrated. Attractive diode characteristics were also found for devices where Ga wetting-layers were 
applied to the Si surface, both with/without an additional B capping-layer. The resulting “PureGa” and “Pure-
GaB” diodes are assessed here in the light of investigations focused on the B-Si interface properties in PureB 
diodes. A very high density of acceptor states at the Si interface appears to be related to the p-dopant property of 
both B and Ga, even though diffusion into the Si is not expected for the applied processing temperatures from 
50 ◦C to ~ 450 ◦C.   

1. Introduction 

Although boron has been the preferred p-dopant in silicon for more 
than half a century, and pure B nanolayers were within the fabrication 
possibilities for much of that timespan, their potentials were largely 
unappreciated until this last decade. Nanolayers of pure boron have now 
been experimentally demonstrated to be interesting for the fabrication 
of diodes on the semiconductors Si, Ge, and GaN. The Si “PureB” diodes 
are presently used commercially in photodiode detectors for extreme- 
ultraviolet (EUV) lithography and scanning-electron-microscopy 
(SEM) systems because they offer extremely shallow junctions with 
high responsivity, stability and robustness as well as low dark currents 
[1,2]. These photodiodes are mainly fabricated with chemical-vapor 
deposition (CVD) of B at 700 ◦C. B-layers fabricated at back-end 
CMOS compatible temperatures provide diodes with lesser but still 
very attractive characteristics [3]. On Ge, “PureGaB” photodiodes were 
fabricated with broadband sensitivity demonstrated from 255 nm to 
1550 nm wavelengths [4]. For these, a wetting layer of Ga as a dopant 
source was driven-in at 700 ◦C during the deposition of a protective B- 
layer that also functioned as a barrier layer to Al metallization. On GaN, 
diodes with a B barrier-layer and Al metallization were demonstrated 
with I-V characteristics similar to that of conventional NiAu Schottky 
diode counterparts [5]. Excellent barrier properties with respect to the 
metals Au and Cu were also found for B-layers as thin as 2.5 nm grown at 
450 ◦C [6]. In MEMS processing, B-layers have been shown to be resil-
ient nm-thin masking layers for Si micromachining with tetramethyl 

ammonium hydroxide (TMAH) or potassium hydroxide (KOH), with 
which also low-stress B membranes have been made [7]. 

The success of PureB Si diodes is in part due to the robust nature of 
the B-layers that enabled PureB-only light-entrance windows even for 
harsh environments, and also facilitated low-cost CMOS-compatible 
integration schemes [1,3]. This robustness is also of importance for 
preserving the high optoelectronic stability of the B-Si interface that, 
based on overwhelming experimental evidence, is now assumed to 
contain a high density of fixed negative charge [8,9]. Since B is an 
acceptor impurity in Si, it is not a far reach to think that B could create 
acceptor states at the interface with Si, trap electrons and maintain an 
interfacial layer of holes. However, the quantity of holes found experi-
mentally is decades higher than what could be expected from known B 
solubility and diffusion values in Si. 

Several other methods of fabricating ultrashallow junctions have also 
applied surface coatings containing dopant atoms, also As and P, but the 
focus was to concomitantly develop a subsequent annealing step for a 
well-controlled incorporation and diffusion of the dopants [10,11]. To 
obtain very precise control of the final doping profile, monolayer coat-
ings have received considerable attention [12]. In contrast, much of the 
PureB diode research focuses on the performance that can be achieved at 
back-end CMOS compatible deposition temperatures where no doping of 
the bulk Si is expected. 

As such, PureB could be classified under many terms that describe 
mechanisms where the electrical situation in one material creates a 
potential profile in an adjacent material to induce mobile charge carriers 
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to gather and be manipulated, often in much the same way as carriers 
originating from chemical impurity doping. Inversion layers created at 
the oxide-silicon interface of a MOS capacitor are a common example of 
such “electrostatic doping” [13]. Another commonly used principle is 
that of “modulation doping” in compound semiconductors where po-
tential wells are created for charge storage at the interface between 
semiconductors with appropriately different bandgaps. More recently, 
terms like “hole-selective contacts” and “electrostatic doping” have 
appeared in connection with theoretical predictions that high-barrier 
metal–semiconductor systems are a means of inverting the semi-
conductor surface to obtain low saturation currents [14,15]. Experi-
mental realization of such high-barrier Schottky diodes on Si has so far 
not been very successful and attention has been directed towards ma-
terials with metal-like electrical properties such as some transition metal 
oxides [16]. However, the actual mechanism leading to surface inver-
sion in these cases may well be connected to interface conditions 
creating charged trap-states in insulating materials with intrinsic 
leakage paths [17,18]. 

In this paper, focus is placed on the relationship between I-V char-
acteristics of PureB diodes and the bonding conditions at the B-Si 
interface that may be responsible for the creation of the high density of 
interfacial fixed negative charge. Several experiments are evaluated, 
including the application of a Ga wetting-layer to form “PureGa” and 
PureGaB Si diodes. In spite of the difference in the material properties of 
B and Ga, and a variety of quite different methods were used to form B-Si 
interfaces in PureB diodes, the electrical results displayed much the 
same processing-temperature-dependent behavior, where even at 50 ◦C 
p+n-like diodes were formed. 

2. PureB diode properties 

The performance of PureB diodes in relationship to the quality of the 
as-deposited B-layer was characterized by the electron current density, 
Jse, that gives a measure for the sheet concentration of the interfacial 
hole layer, Nhole. In a simple approximation Jse ∝ 1/Nhole [6,9]. In Fig. 1a 
the Jse is plotted as a function of the final processing temperature for 
several different B-deposition methods, including CVD in single wafer 
and batch furnace systems, molecular beam epitaxy (MBE), and 
electron-beam-assisted physical vapor deposition (EBPVD). With the 
latter method the B was first deposited at 50 ◦C and then annealed in 
another vacuum system to the higher temperatures plotted in the graph 
[3]. 

Despite the very different fabrication methods, the process temper-
ature dependence of the resulting PureB diode I-V characteristics was 
very similar. An Arrhenius plot of the Nhole extracted by assuming Nhole 
= 5 × 1014 cm− 2 at 700 ◦C, is plotted in Fig. 1b. Most points lie along 
lines with a slope corresponding to an activation energy Ea ~ 0.2 eV. 
This suggests that one particular B-Si bonding structure is playing a 
predominate role. The 700 ◦C CVD value is relatively high which could 

be understood from the fact that the B-atoms at this temperature have a 
visible interaction with the top ~1 nm of the Si, as can be seen in the 
high-resolution transmission-electron-microscopy (HRTEM) images 
shown in Fig. 2. Thus 700 ◦C would give more opportunity for forming 
acceptor states than at 500 ◦C and 400 ◦C where the Si surface appears 
flat. For these two temperatures, there is a clear epitaxial growth of the 
first one-or-two atom-layers of B on the Si. Whether any B-atoms have 
been able to nestle themselves just under the Si surface in conventional 
acceptor bonding states cannot be judged from these images. If this were 
to be the origin of the low Jse values at 400 ◦C then about one in every 10 
of the B atoms at the Si surface would have to take on such a position. 
The other points in the graph that are positioned much higher than the 
Ea = 0.2 eV lines, will be discussed in the following section. 

The TEMs give the impression that even at 400 ◦C, each Si-atom is 
bonded to a B-atom. Away from the interface the B-layer rapidly be-
comes amorphous. Material analysis has shown that the compactness of 
this α-B decreases with deposition temperature in much the same way 
for all the deposition methods [3,7]. The B-layer is resistant to wet- 
etching in TMAH but for the low-temperature layers, weak spots are 
revealed because they allow the etchant to reach and etch pits in the Si. 
For 400 ◦C such pits were solely observed for an only 1-nm-thin nano-
layer, as shown in Fig. 3. These atomic force microscopy (AFM) images 
show a distribution of localized inverted pyramids which means that the 
B coverage and bonding to the Si was so good that horizontal etching 
was stopped. At lower temperatures the number of weak spots increased 
and much thicker layers needed to be grown to prevent attacks on the Si 
[7]. Then the surface bonding was clearly also weaker, in accordance 
with the increasing values of Jse. 

3. B-Si interface treatments 

In the CVD process, attempts were made to increase the number of 
acceptor states by prolonging the exposure of the Si surface to the source 
of B, before overgrowth with α-B. At temperatures above about 350 ◦C, a 
fast vertical B growth indicates a preference for B-B bonding rather than 
B-Si bonding. In contrast, at temperatures 200–350 ◦C the surface re-
action with Si is preferred and the B-deposition is almost self-limiting. In 
Fig. 1 it is seen that the Jse at 250 ◦C, 300 ◦C and 350 ◦C does not increase 
to values much higher than those at 400 ◦C. The actual B surface 
coverage was monitored by secondary ion mass spectrometry (SIMS) as 
shown in Fig. 4, revealing a sheet B-concentration for the 250 ◦C sample 
of 1.5 × 1015 atoms/cm2, which is about 2 monolayers. This was another 
confirmation that the interface bonding is the feature of importance for 
the suppression of electron injection rather than the bulk B properties 
[9]. 

The interface conditions for 350 ◦C, 400 ◦C, and 700 ◦C CVD B- 
deposition were also tested by removal of the bulk B by longtime etching 
in standard Al-etchant. The remaining B, that can be assumed to be well- 
bonded to the Si, was monitored by SIMS as shown in Fig. 4. The B- 
concentration is about the same for the 350 ◦C and 400 ◦C samples, 
~1.9 × 1013 atoms/cm2, which corresponds well to the Nhole extracted 
from I-V characteristics before etching. At 700 ◦C the value of 3.78 ×
1014 atoms/cm2 is close to the (100) surface density of Si atoms of 6.78 
× 1014 atoms/cm2, and also fits well with the fact that the Jse at 700 ◦C is 

Fig. 1. (a) Best experimental values found for the electron saturation current 
density, Jse, for PureB diodes with B-layers fabricated by different CVD, MBE 
and EBPVD deposition methods, as reported in [3], with the PureGaB value 
added. (b) Arrhenius plot of the sheet hole concentration, Nhole, extracted from 
the Jse values, assuming Nhole = 5 × 1014 cm− 2 at 700 ◦C. 

Fig. 2. HRTEM images of the B-Si interface for CVD B deposition at 400 ◦C, 
500 ◦C and 700 ◦C [8]. 
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about a decade lower than the 400 ◦C value. 

4. B-Si surface treatment with Ga wetting layers 

Gallium is a group-III material that, just like B, is an acceptor im-
purity in bulk Si, but the melting point is very low, 29.8 ◦C. It is also 
much more difficult to work with because it reacts with Si as well as Al at 
very low temperatures. However, it was found that CVD on Si from 
trimethylgallium (TMGa) at a temperature of 400 ◦C would give the 
formation of a Ga wetting layer about 1 nm thick. This layer was used to 
fabricate PureGa diodes that had low saturation currents, indicating that 
in this case a p+-type region was also formed [19]. 

For photodiode fabrication, thin B-layers are often contacted by pure 
Al because with HF this metal can be removed selectively to the B as a 
means of opening the light-entrance windows. However, if the Al is not 
removed, it can cause increase of Jse because weak spots in the B-layer 
allow the Al to seep through to the Si, where it can form nanosized 
Schottky diodes with high current density [6,9]. At 700 ◦C, 2-nm B was 
enough to form a material barrier to the Al, but as the B-deposition 
temperature was decreased, thicker layers were needed to prevent such 

Al-Si Schottky formation. At 400 ◦C, 4-nm-thick layers were not thick 
enough which can be seen from the I-V characteristics shown in Fig. 5. 
The metal contacted 40 × 1 µm2 diodes have a current level close to the 
Al-Si Schottky values while the large 1 × 1 cm2 diodes that had the metal 
removed, have the optimal Jse values typical of good 400 ◦C PureB 
diodes. 

The I-V characteristics of a 40 × 1 µm2 PureGa diode are also 
included in Fig. 5. The reproducibility was high, suggesting that nano- 
Schottky formation was absent in these devices. This was surprising 
since the Ga layer is hardly a nm thick. Simulations of PureB I-V diode 
behavior, assuming a monolayer of fixed negative charge at the inter-
face, predicted that the Al work function would give a lowering of the 
Nhole-induced interface barrier that suppresses the electron injection, if 
the B-layer was too thin. This is illustrated by the simulation example in 
Fig. 6 where the Jse is plotted as a function of the interfacial negative 
charge, Nneg, for different Al thickness. For a 1-nm-thick B-layer, an Nneg 
as high as ~3 × 1014 cm− 2 would be needed to achieve the character-
istics displayed by the PureGa diodes. SIMS of the as-deposited Ga 
wetting layer, shown in Fig. 7, gave a sheet concentration of 3.2 × 1012 

atoms/cm2 which is lower than expected but desorption due to extended 
ambient exposure cannot be excluded. 

To make a more robust diode with Ga on the interface, PureGaB Si 
diodes were fabricated by capping the 400 ◦C Ga wetting-layer with a 4- 
nm-thick 400 ◦C B-layer [20]. The Jse was measured on non-metallized 
electrical test structures for evaluating as-deposited layers, and the 
values were the same as for diodes where only B was deposited. Diodes 
were also contacted with pure Al and the resulting I-V characteristics are 
compared in Fig. 5. The 1 × 1 cm2 diodes, where Al is removed on the 
Pure(Ga)B before the alloy step, have the same low current levels. In 
contrast, the small metallized PureB diodes display high Schottky-like 
currents while the PureGaB and PureGa diodes have the aspired low 
current levels, with PureGaB values lying about 2 times lower than those 
of the PureGa diodes. This small difference could be attributed to the 
proximity of the Al to the interface in the PureGa case and/or to a lower 
Nneg. 

The presence of Ga at the PureGaB interface with Si was confirmed 
by the SIMS shown in Fig. 7. The sheet Ga concentration is 9.7 × 1013 

atoms/cm− 2 for the B-capped sample, more than a decade higher than 
the bare Ga value, but still lower than the Si surface density. The B 
profiles with and without Ga are practically identical with a peak con-
centration of 1.29 × 1023 cm− 2, close to the value of 1.3 × 1023 cm− 2 

commonly cited as the density of α-B. 
A clear difference in the quality of the B-layer became evident from 

etch tests with TMAH on regions that were implanted/annealed with 
high-dose boron. On non-implanted Si, the B resisted etching in both 
cases, but the implanted regions were attacked by TMAH on the PureB 
samples while the PureGaB layers were unaffected. This suggested that 

Fig. 3. AFM images of a 1-nm-thick 400 ◦C B-layer after 6-min etching in 
TMAH, with area 3 × 3 µm2. The inset is a SEM image of the same region. 

Fig. 4. SIMS profiles of CVD B-layers (a) as-deposited at 200 ◦C and 250 ◦C, 
and (b) after B removal with wet Al-etchant for layers deposited at 350 ◦C, 
400 ◦C, and 700 ◦C. 

Fig. 5. I-V characteristics of 400 ◦C PureB, PureGa and PureGaB diodes with 
anode dimensions of (a) 1 × 1 cm2 and (b) 40 × 1 µm2. Al metallization was 
applied in both cases but removed before alloying on the 1 × 1 cm2 diodes. 

Fig. 6. (a) Cross section of the simulated structure. (b) Electron and hole 
saturation current densities as a function of Nneg extracted for a device with Al/ 
top-layer contact and different B-layer thickness tB. (c) Band diagram for Nneg =

5 × 1013 cm− 2 and tB = 0.5 nm, 1 nm, 2 nm at 0 V. Adapted from 
[9] 
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more structurally weak bonding regions were present in the PureB layers 
than the PureGaB ones. The electrical measurements indicated that this 
was the case also on the non-implanted Si regions. Therefore, it appears 
that the Al during alloying was more aggressive in reacting with weak 
spots in the B-layer than the TMAH. Thus, although no decrease in Jse 
was found when the Ga wetting-layer was added, it clearly promoted a 
better B coverage and compactness. 

5. Conclusions 

A diverse spectrum of experimental methods for applying nanolayers 
of B or Ga on Si at temperatures from 450 ◦C down to 50 ◦C, where no 
bulk doping of the Si is expected, resulted in much the same temperature 
dependence of the measured p+n-like I-V diode characteristics. The 
common denominator is that these elements are both acceptors in Si and 
the suggestion was made that they may be able to take on structural 
positions in/at the surface that resemble bulk acceptor doping. In-
vestigations to assess the quantity of robust surface bonds between the 
B/Ga and Si, along with estimates of the fixed negative interfacial charge 
required to match the electrical results, give substance to this hypoth-
esis. If correct, a further development of the conventional diffusion 
theory would be of interest. When Si doping at temperatures around 
700 ◦C became of interest in the late 1990s, theory was already 
expanded to include transient-enhanced diffusion of B-profiles that were 
exposed to defect-induced processes. For the temperatures around 
400 ◦C studied here, the imperfection presented by the Si surface itself 
would appear to be the source of anomalous doping. For direct experi-
mental verification, more advanced material analysis would, however, 
be needed. Nevertheless, the defect-free nature of the B-deposition, that 
even at 700 ◦C did not induce transient-enhanced diffusion of doped 
layers below the Si surface [21], makes PureB attractive for diode as well 
as contact formation on nanoscale device structures. The addition of a 
Ga wetting-layer, as in PureGa and PureGaB processes, needs more 
in-depth investigation, but noteworthy improvements with respect to 
the basic PureB diode process have already been demonstrated with the 
present results. 
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