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In this work, we present the results obtained using a CO2 laser source at 10.6 lm wavelength for the

study of the non-melt annealing of phosphorus doped germanium in the millisecond regime. Main

objective of this paper is the demonstration of electrically active nþ-p junctions in germanium by

implanting phosphorus in p-type substrate while trying to maintain minimal dopant diffusion, which

is a critical issue for scaling germanium devices. In addition to the phosphorus diffusion studies, we

also explore the presence of nitrogen introduced in the substrate together with phosphorus and we

conclude that it can further reduce dopant movement at the expense of lower activation level. The

observation is confirmed by both electrical and SIMS measurements. Moreover, density functional

theory calculations show that nitrogen-phosphorus co-doping of germanium creates stable N-P

complexes that, indeed, are consistent with the deactivation and diffusion suppression of phosphorus.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4932600]

I. INTRODUCTION

As the silicon nodes approach the end of scaling, alter-

native methods and processes for the development of the

next generation of nanoelectronic devices are explored.

These include either new transistor architectures and/or new

substrate materials. As far as the latter is concerned, out of

the breadth of available materials, germanium seems a viable

candidate since it has a series of competitive advantages

such as high mobility for both electrons and holes and is

highly compatible with the current silicon processing tech-

nology. However, the fabrication of shallow junctions in

p-type germanium substrates is still significantly challenging

mainly due to the highly mobile n-type dopants. The diffu-

sion coefficients of the most common n-type dopants

(phosphorus, antimony, and arsenic) are very high in stark

contrast to p-type dopants such as boron and gallium whose

diffusion coefficient is several orders of magnitude lower.1–3

Additionally, it has been observed4 that there is a significant

substrate loss during regular thermal annealing cycles used

to activate the implanted dopants an effect that is correlated

with annealing ambient conditions.5 This issue requires the

use of additional dielectric capping layer to prevent the

induced dose loss.

The approach proposed by this paper to confront these

issues is twofold; first, we are using a CO2 laser source at

10.6 lm in the millisecond range in order to provide a high

thermal budget within a short period (10 ms or less) while

remaining in the sub-melt regime. The same setup has been

previously used by the authors6 with promising results in the

formation of ultra shallow junctions in silicon. Laser anneal-

ing is a common technique to electrically activate carriers in

semiconductors with promising results in germanium,7,8 and

deep infrared CO2 lasers also have the added benefit of

reducing pattern dependency when operated in Brewster’s

angle.9 Second, we investigate the co-doping of the substrate

with nitrogen (N2
þ) and its effect in retarding the diffusion

of phosphorus. The effect of nitrogen has been previously

demonstrated originally by Simoen et al.10 and more recently

by Thomidis et al.11 to be beneficial in limiting the fast diffu-

sion of phosphorus in germanium (fluorine has also been

shown to have a similar effect12) and is also confirmed by

this paper. Additionally, we investigate the effect of P-N

binding as the mechanism of diffusion and activation sup-

pression of phosphorus dopants in germanium through

density-functional theory (DFT) calculations and assess the

results through SIMS and sheet resistance measurements.

II. EXPERIMENTAL PROCEDURE

Two different sets of samples have been prepared all using

p-type germanium substrates with 2 to 5 X cm resistivity cut

into 0.8� 0.8 cm2 pieces. A 32 nm thick RF sputtered SiO2

film has been deposited at 200 �C, where a 600� 600 lm2

window has been etched using optical lithography. This limits

the introduction of ions by the subsequent ion implantations in

this area thus creating a very steep dopant concentration gradi-

ent that aids us during electrical characterization by limiting

the side leakage. In order to ensure that the implant tail will

not penetrate the SiO2 film, the 1 lm thick photoresist was not

removed until after the implantation. Then, all samples have

been implanted with phosphorus ions at 30 keV energy and

1� 1015cm�2 dose. The first set of samples was left as is,

while the second set of samples has seen an additional implan-

tation step using molecular nitrogen ions (N2
þ) at the same im-

plantation conditions as phosphorus (30 keV�1� 1015 cm�2).

After the implantation process, the remaining photoresist was

stripped and all samples have been irradiated with our laser

setup. Details for the laser setup used can be found in a previ-

ous publication.13 The power density used was about 5500 W

cm�2 and the pulse duration was ranging from 8 to 10 ms.

Longer pulses have also been tested but have led to
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considerable diffusion to be of any interest. Since germanium

is transparent in far infrared at room temperature, the samples

were resting vertically upon a heating base. Preheating is nec-

essary to increase the radiation absorption rate at the beginning

of the process. The preheating temperature of the samples was

270 �C for a total duration of 30–40 s, which was deemed

enough to aid the absorption of the radiation. Higher preheat-

ing temperatures led to consistently higher temperatures past

the melting point of germanium after being irradiated. The

spot size of the beam was measured to be 1.2 mm in diameter

completely covering the exposed germanium window. In all

the irradiations, the maximum temperature, measured by real

time infrared pyrometry, was ranging from 750 �C to 800 �C
(625 �C), well below the melting threshold of germanium.

Also, for comparison purposes, an additional sample annealed

at 650 �C for 30 min on a regular furnace was prepared. The

sample was capped with an additional 30 nm RF sputtered

SiO2 to prevent substrate loss during the annealing.

To electrically characterize the samples, 4-point probe

van der Pauw measurements have been performed. For that

purpose, 100� 100 lm2 gold contacts 35 nm thick with 5 nm

titanium as adhesion layer and arranged in square geometry

150 lm apart have been fabricated using e-gun evaporation

and the lift-off process. All contacts lie within the

600� 600 lm2 window etched into the SiO2 film and totally

cover the annealed area. Since the laser beam has a Gaussian

profile, the resultant doping profile is non uniform across the

annealed area. So, a comprehensive sheet resistance mapping

must be made in order to determine the lowest sheet resist-

ance and, consequently, the maximum diffusion. In addition

to the selective doping process illustrated, a deep circular cut

with a diamond stylus has been made to further ensure the

electrical isolation of the annealed area from the neighboring

regions. Additionally, in order to measure the performance

of the junction as a diode, a substrate wide contact has been

fabricated on the backside of the sample to serve as the back

contact of the diode. Experiments are concluded with SIMS

for doping concentration evaluation and AFM for surface to-

pography. SIMS measurements were performed in the area

where sheet resistance was measured to be minimum.

III. RESULTS AND DISCUSSION

First, we discuss the results obtained using the samples

that are implanted only with phosphorus. In Figure 1, the

dopant profile for the 8 ms and 10 ms cases can be observed.

The junction depth, measured at 1� 1018 cm�3, is deter-

mined to be about 162 nm and 200 nm for the 8 ms and 10 ms

cases, respectively (Table I). For comparison, the furnace

annealed sample has a junction depth well beyond the

250 nm mark. Comparing to the as-implanted profile, the net

movement of the dopants ranges from 20 to 80 nm while the

dose loss is small (9%) for the 8 ms case but more consider-

able for the 10 ms one (27%). However, both losses are quite

less than the one measured for the furnace anneal (52%).

The apparent “kink” at 75–80 nm is attributed to the crystal-

line/amorphous interface as evidenced by TEM shown in

Fig. 1 of the work by Tsouroutas et al.14 who have used the

same phosphorus implantation conditions.

Although millisecond annealing presented above seems

well suited to control the excess diffusion of phosphorus, the

use of nitrogen as a co-doping agent seems to improve the

situation even more. In Figure 2, we can see the SIMS phos-

phorus dopant profile for the annealed samples doped with

both phosphorus and nitrogen as well as for both the as-

implanted and furnace annealed samples for comparison. In

Figure 3, the corresponding nitrogen profiles are presented as

well. The phosphorus junction depths for both the 8 and

10 ms annealed samples are both less than 140 nm corre-

sponding to a net dopant profile movement less than 10 nm

while maintaining most of the dose intact (less than 5% dose

loss for both cases), which is a significant improvement over

both the phosphorus-only doping and the furnace annealing.

So, it is apparent that the nitrogen co-doping effectively

assists in deterring the excessive diffusion of the phosphorus

dopants giving us practically diffusionless junctions. As for

the nitrogen profile there is minimal diffusion at the 8 ms

case but slightly more pronounced for the 10 ms one. Most

of the nitrogen dose is preserved with less than 2% dose loss

for the 8 ms case and about 8% for the 10 ms one. The lack

of significant diffusion and dope loss in the nitrogen profile

indicates that nitrogen is mostly immobile. This is similar to

the observations made by Thomidis et al.11 for samples

annealed with RTA and similar doping strategy.

As far as the sheet resistance is concerned, multiple four

point probe measurements have been performed on all sam-

ples, and the results are summarized in Table II. As the table

indicates, longer pulses lead to lower resistances that can be

FIG. 1. SIMS dopant profile for the samples implanted only with phosphorus

for 8 and 10 ms. Furnace anneal is presented for comparison.

TABLE I. Post-annealing junction characteristics. Junction depths are meas-

ured at 1� 1018 cm�3 doping level.

Doping Pulse (ms) xj (nm) Dose loss (%)

P only 8 162 9

P only 10 200 27

P and N2 8 135 <5

P and N2 10 139 <5

P only 30 min–650 �C > 250 52

135710-2 Stathopoulos et al. J. Appl. Phys. 118, 135710 (2015)
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attributed to the higher diffusion of phosphorus when the

pulse duration increases. In that case, the sheet resistance

ranges from 58 to 68 X/� for the 10 and 8 ms pulse, respec-

tively, values that are typical for this doping level.15 For the

phosphorus and nitrogen co-doping, the sheet resistances are

higher ranging from 131 to 153 X/� for 8 and 10 ms.

The performance of the annealed devices as diodes has

also been evaluated. Figure 4 presents the I-V characteristics

for two diodes annealed with an 8 ms pulse at the specified

conditions. Both devices indicate a strong forward bias cur-

rent at 1 V. There is no significant difference on the currents

in forward bias, which is improved over the furnace annealed

sample. The co-doping seems to improve the reverse bias

leakage by about one order of magnitude in comparison to

the phosphorus only sample, but leakage is still higher than

the furnace annealed sample. In general, the measured values

are in accordance with current literature regarding laser

annealed germanium diodes,16 although not on par with

RTA processes. The relevantly high leakage current for the

laser annealed samples indicates that deep level defects are

not fully treated by the annealing process and operate as gen-

eration centers increasing the leakage current. The reduced

leakage current observed in the presence of nitrogen could

be attributed to passivation of these centers by nitrogen. We

also observe that the higher thermal budget of the furnace

anneal is more effective in treating those defects leading to

even lower leakage. The same improved leakage behavior

has been observed for samples annealed with RTA.7

Finally, AFM measurements have been performed to

evaluate the surface reconstruction quality of the annealed

samples. In Figure 5, AFM micrographs of a sample before

and after 10 ms annealing are presented. It is apparent that

laser annealing effectively reconstructs the surface of the

sample reducing its mean surface roughness from about

35 nm down to less than 2 nm. However, this drop in rough-

ness could indicate a lower melting threshold for the highly

amorphous surface regions. Additionally, by comparing the

step between the SiO2 layer and the exposed germanium

area before and after the annealing, no measurable substrate

loss could be observed.

Using a similar approach with silicon,6 future work can

compare simulation results of the complete laser annealing

process with the present experimental data. Another inter-

esting feature could be the investigation of the immunity of

long wavelength laser annealing to 2-D effects related

with geometrical constraints as it was previously reported

for excimer laser annealing17 by both simulations and

experiments.

FIG. 3. SIMS nitrogen profiles for 8 and 10 ms laser annealing.

TABLE II. Sheet resistance results.

Doping Pulse (ms) Sheet resistance (X/�)

P only 8 68 6 6

P only 10 58 6 6

P and N2 8 153 6 10

P and N2 10 131 6 10

P only 30 min–650 �C 62 6 3

FIG. 4. Diode characteristics for two diodes annealed with 8 ms laser pulse for

the two different doping strategies. Furnace annealed sample for comparison.

FIG. 2. SIMS dopant profile for the samples implanted with both phosphorus

and molecular nitrogen. Furnace anneal for the phosphorus only sample is

presented again for comparison.
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IV. PHOSPHORUS DIFFUSION SUPPRESSION AND
DEACTIVATION DUE TO P-N CLUSTERING

Although the SIMS measurements obviously indicate

the improved phosphorus diffusion with the nitrogen co-

doping, the higher sheet resistance indicates lower electrical

activation. An estimation of the dopant activation can be

made by calculating the sheet resistance from the SIMS pro-

file. In order to do so, we utilize the semi-empirical mobility

model proposed by Hilsum18

l xð Þ ¼ 4200

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N xð Þ � 1� 10�17

q ; (1)

where N(x) is the total amount of dopant concentration (in

cm�3) and x the depth (in cm) within the semiconductor bulk.

Thus, from the sheet resistance Rs ¼ ðq
Ð xj

0
lðxÞNðxÞdxÞ�1

,

where q is the elementary charge and xj the junction depth,

we can estimate the maximum activated phosphorus level at

5.8� 1019 cm�3 for the phosphorus only samples, which is

close to the maximum level activation levels proposed by

other works.10,19 However, for the co-doped samples, the

activation level that corresponds to the measured sheet resist-

ance can be estimated lower to 2.1� 1019 cm�3. This indi-

cates that the total activation for the co-doped samples is

about 40% of the phosphorus only case. It is apparent that

although the diffusion of phosphorus is suppressed, the pres-

ence of nitrogen leads to significant deactivation. Higher acti-

vation levels have been reported7 but mostly refer to melting

laser annealing and are not directly comparable.

To further elucidate the atomic scale details of phospho-

rus and nitrogen incorporation in germanium and its effect on

diffusion suppression and phosphorus deactivation, we have

performed density-functional theory calculations with the

plane wave code VASP20 and projector-augmented poten-

tials.21 Exchange and correlation effects were described with

a generalized-gradient approximation functional.22 We carried

out two sets of calculations on supercells with 64 and 216 ger-

manium atoms (in the defect-free case) to ensure convergence

of results. Below, we report only the results based on the 216-

atom supercells. The energy cutoff for the plane wave basis

was set at 350 eV and the 2� 2� k grid was used in recipro-

cal space. The criterion for self-consistency in terms of the

total energy was set at 10�4 eV. Similar methodology has

been applied in the past in several defect-related DFT studies

on germanium and silicon based systems.23–25 Previous works

have focused mostly on the vacancy-mediated mechanism of

phosphorus diffusion in germanium.2,26,27 In this context, the

suppression of phosphorus diffusion can be attributed to the

trapping of vacancies at nitrogen dopant sites in germanium.

Here, we focus instead on the direct role that the nitrogen co-

dopants may have in the stability of phosphorus-related struc-

tures in germanium.

In order to assess the relative stability of various N-P

impurity complexes, we first examined the structural details

and energetics of isolated point defects and impurities in ger-

manium. In particular, we examined various neutral configu-

rations of a germanium self-interstitial and used the relaxed

structures to probe the stability of nitrogen and phosphorus

interstitials in germanium. The geometries we considered are

the so-called (110)- and (100)-split interstitials, the tetrahe-

dral arrangement, and the structure with the self-interstitial

at the center of a hexagon of bulk germanium (hexagonal

geometry). In agreement with previous studies,28,29 we found

that the (110)-split structure [shown in Figure 6(a)] is the

most stable interstitial configuration in bulk germanium.

Likewise, the lowest energy structure for an extra phos-

phorus atom in the bulk of germanium resembles the (110)-

split geometry [Figure 6(b)] with a stretched P-Ge bond

length of 2.42 Å for the germanium and phosphorus atoms

involved. However, the structure with phosphorus at the

center of a hexagon and the (100)-split configuration are

very close in energy (0.02 eV and 0.26 eV, respectively),

especially the hexagonal geometry is practically degenerate

in terms of energy with the (110)-split arrangement. In the

case of a nitrogen interstitial, the split geometries are again

the most stable configurations, albeit the (100)-split structure

[Figure 6(c)] is more stable than the (110) one by 0.16 eV.

There is a high energy penalty of 1.81 eV for a nitrogen

interstitial to replace a germanium atom and create thus a

nitrogen substitutional impurity and a germanium self-

interstitial (at remote distance). In contrast, the same process

has a reaction energy of only 0.22 eV in the case of phospho-

rus, indicating a much stronger tendency for phosphorus to

react with defect-free germanium and become a substitu-

tional dopant. However, there are strong energy gains of

2.27 eV and 3.85 eV when a nitrogen or phosphorus intersti-

tial occupies the center of an existing germanium single-

vacancy (i.e., without the creation of a germanium

interstitial).

When germanium is co-doped with nitrogen and phos-

phorus, then very stable N-P complexes can be formed. The

lowest energy N-P structure at a germanium vacancy site is

FIG. 5. AFM topography of a sample

before (left) and after (right) 10 ms

laser annealing.
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shown in Figure 6(d). Starting from a nitrogen substitutional

site and a remote phosphorus interstitial, the creation of the

depicted N-P complex releases 2.69 eV. Significant energy

(1.11 eV) is gained also when this N-P geometry is formed

upon trapping of a nitrogen interstitial by a phosphorus sub-

stitutional dopant. These energy gains show that the N-P

complexes are formed regardless of the initial configuration.

We should also stress that the creation of the N-P complex is

also energetically favored (by 0.88 eV) when nitrogen and

phosphorus interstitial atoms react to form the geometry of

Figure 6(d) through the concurrent ejection of a germanium

self-interstitial in the bulk. Finally, by comparing electronic

density of states calculations for the defect-free germanium

supercell with 216 atoms and a supercell of the same size

with an N-P complex inside, we assessed that the N-P com-

plex does not introduce any levels in the energy band gap of

the material or close to the valence band and conduction

band edges.

Based on the above results, we can conclude that when

nitrogen atoms are implanted in phosphorus doped germa-

nium, some of them hinder the diffusion of phosphorus

dopants by trapping them in stable N-P clusters. By the

same token, the formation of N-P complexes reduces the

number of active substitutional phosphorus dopants. Both

conclusions are consistent with our main experimental

observations.

V. CONCLUSION

In this article, we presented the use of millisecond laser

annealing and phosphorus-nitrogen co-doping to fabricate

shallow junctions in germanium. Although laser annealing

provides a degree of control upon the diffusion of phospho-

rus, additional diffusion suppression can be achieved by

using nitrogen co-doping leading to practically diffusionless

junctions. According to the DFT calculations presented, this

suppression is an effect of the stable phosphorus-nitrogen

complexes that are formed in germanium, which limit the

amount of phosphorus that can be diffused, although the

amount of electrically active phosphorus is limited.

However, it is apparent that through the controlled use of

laser annealing, nitrogen co-doping and potentially more

advanced implantation techniques, such as ultra low energy

and plasma doping, diffusionless junctions with very good

electrical characteristics can be obtained.
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