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an erbium .. doped optical fiber amplifier 
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AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

(Received 5 September 1989; accepted for publication 13 November 1989) 

We report the performance of a 970 nm strained-layer InGaAs/GaAIAs quantum well laser 
and its application for pumping Er-doped optical fiber amplifiers. The laser was grown by 
molecular beam epitaxy and has three Inu.2 GaO.8 As/GaAs quantum wells. For a 5-,um-wide 
and 400-,urn-long ridge-waveguide laser, a cw threshold current of 20 rnA and an external 
quantum efficiency of 0.28 m W ImA per facet were obtained. Maximum output power exceeds 
32 m W Ifacet. With antireflection coating, even higher external quantum efficiency (0.40 m W I 
rnA) was achieved, and more than 20 mW of power was coupled into a single mode fiber. 
Preliminary experiments of pumping the Er-doped fiber amplifier gave 15 dB of gain at 1.555 
fim for a pump power of 14 mW into the Er fiber. 

Erbium-doped optical fiber amplifiers have attracted a 
great deal of interest recently as they offer many advantages 
for amplifiers operating at 1.53 j.tll, including high gain, low 
noise, polarization independence, and fiber compatibility. I 
Although the Er-doped fiber amplifiers have been demon­
strated using argon ion lasers2 (514.5 nm), dye lasers [665 
nm (Ref. 3) or 980 nm (Ref. 1)], frequency-double Y AG 
lasers! (532 nm), or color center laser4 (1.49 pm) as pump 
sources, a more practical pump source is semiconductor di­
ode lasers. Semiconductor lasers operating at 807 urn (Ref. 
5) or 1.49 /tm (Ref. 6) are readily available in GaAIAsl 
GaAs or InGaAsP IInP material systems. On the other 
hand, the 980 nm band was identified as the ideal pump 
wavelength because it is free of excited-state absorption and 
thus has very high pumping efficiency. I Therefore, the semi­
conductor lasers operating at 980 nm are highly desirable for 
pumping Er-doped fiber amplifiers. A 978 nrn diode laser 
pumped fiber amplifier was recently reported,7 where a total 
of 6.2 m W pump power was coupled into the amplifier fiber. 

Semiconductor lasers with lasing wavelength longer 
than 870 nm were made possible by combining strained-lay­
er InGaAs quantum wells with the lattice-matched 
GaAIAs/GaAs double heterostructure. 8

•
9 With the ad­

vances of the crystal growth techniques, room-temperature 
continuous-wave (cw) operations of the strained-layer 
InGaAs quantum well lasers have been demonstrated. 10-14 

The application for pumping Er-doped fiber amplifiers, 
however, requires accurate control of the lasing wavelength 
around 980 nm and single lateral mode under high output 
power for efficient coupling into optical fiber. Lateral index 
guiding can be achieved with buried heterostructure, 12 chan­
neled substrate,15 impurity-indueed layer disordering,13 or 
ridge waveguide. 16 The ridge waveguide structure is pre­
ferred for this application because the lasing wavelength is 
not sensitive to the processing steps (e.g., no high-tempera­
ture processes) and allows systematic control of the lasing 
wavelength by crystal growth. In this letter, we report the 
performance of an InGaAs/GaAs strained-layer quantum 
wen laser grown by molecular beam epitaxy (MBE), which 
lases at 970 nrn and can couple more than 20 m W into a 
single mode fiber. Preliminary results of pumping Er-doped 
optical nber amplifiers are also discussed. 

Graded-index separate-confinement quantum well 
stmcture l7 is used for the laser, as shown in Fig. 1. The active 
region consists of three Ino.2 Gao 8 As/GaAs quantum wells, 
sandwiched between two composition-graded GaAIAs con­
fining layers. The laser was grown by MBE on an n -+ -GaAs 
substrate. The growth sequence is described as follows: 
a l-.um-thick nl-GaAs buffer layer, a I-flm-thick 
N-G~J.6 Al1l4 As lower cladding layer, u O.15-I1·m-thick 
N-Gux All x As composition-graded layer (x changes from 
0.6 to 1), three 65-A-thick Ino.2 GaO.8 As quantum wells and 
four 120-A-thick GaAs barriers, all p doped to 5 X 1017 

cm 3, a O.15-flm-thickP-Gax Al , _ xAs composition-graded 
layer (x changes from 1 to 0.6), a I-pm-thick P­
Gao 6 Alo4 As upper cladding layer, then followed by a 0.1-
,am-thick GaAs cap layer CND = 1019cm~3),anda200-A­
thick n+ -GaAs contact layer (ND = 5x lOll) cm- 3 ). 

After growth, ridge waveguides of 5 ,urn width were 
etched by a 1:1:20 ratio of NH40H:H20 2:H20 solution 
along the [01 I] direction. To ensure single transverse mode 
operation, the etching was controlled to stop within 0.1 /tm 
above the upper composition-graded layer. Lasers etched 
below the composition-graded layer resulted in higher 
threshold current and lower differential quantum efficiency. 
Then Si02 was deposited over the entire surface by thermal 
chemical vapor deposition. A 3-/1m-wide window was 
opened on top of the ridge waveguide. After thinning down 
the wafer to about 100 11m thick, Au/Be/Tii Au and Aul 
Sui Au were evaporated for p and n contacts, respectively. 
The contacts were sintered at 450°C for 15 s. Then the wafer 
was cleaved into individual lasers of 400 flm length. The 

Au8e/"I/Au.--. 
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FIG. 1. Schematic layer structure oflhe 970 nm graded-index separate con­
finement In", Gao., As/GaAIAs quantum well laser. 
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FIG. 2. Room-temperature cw light vs current characteristics ofthc 970 nrn 
ridge-waveguide (5 X 400 11m 1 InGaAs quantum well laser. The cw thresh­
old current IS 20 rnA and the external (juantum efficiency is 0.28 rn W ImA 
per facet. Maximum power exceeds 32 m''! Ifacet for uncoated IRscL 

resultant diode has a forward series resistance of 4 n and a 
reverse breakdown voltage of 6.5 V. The laser was tested at 
room temperature under cw operation. Figure 2 shows typi­
callight-versus-current characteristics of an uncoated laser 
bonded p side up. It has a threshold current (f 110 ) of 20 rnA 
and an external quantum efficiency of 0.28 m W /mA per 
facet. The slope efficiency is constant up to 7I111 • Maximum 
output power before catastrophic damage of facets was 
greater than 32 m W. With antireflection-coated facet, an 
external quantum efficiency of 0.40 m W /mA/facet can be 
achieved. 

Figure 3(a) shows the cw spectrum of the laser light 
coupled into a single mode fiber as measured by the Anritsu 
spectrometer. At 100 rnA pumping current, the laser has a 
dominant mode at 970.5 nm, and a total of 12.8 mW was 
launched into the fiber. At 140 rnA drive current, more than 
20 mW was measured in the single mode fiber. Figure 3(b) 
shows the lasing wavelength versus the quantum well thick­
ness. Experimental data are shown by dots and triangle. The 
three lasers represented by the dots have identical structures 
except for the thickness of the quantum wells: dwell = 90 A 
for D-1188, dwell = 79 A for D-1l94, <md dwell = 65 A for 
D-120 1. All these lasers have similar threshold currents: l'h 
(pulse) = 18 rnA and I th (cw) = 20 mAo The laser repre­
sented by the triangle (D-1195) has similar waveguide 
structures; however, the active region consists of five quan­
tum wells of 79 A width. The threshold current of D-1195 is 
slightly higher, about 25 rnA in pulsed operation. The solid 
curve in Fig. 3 (b) is the calculated photon emission energy 
from the first electron level to the first heavy hole level. A 
finite-square well model 18 is used. The energy gap of 
1nm GaO.8 As (1.12 eV) is corrected for hydrostatic com­
pression and shear stress (1.19 e V). A 70/30 split for the 
conduction/valence band discontinuity is assumed, (8 

though the results are very insensitive to this parameter. 
Reasonable agreement between experiments and theory was 
obtained. 
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FIG. 3. Cal cw spectrum of the AR-coated InGaAs quantum well lRser 
coupled into a single mode fiber Rt a pumping current of 100 rnA. The laser 
has a dominant mode at 970.5 nm. A totalof12.8 mWwas launched into the 
single mode fiber. (b) The lasing wavelength vs the thickness of the InGaAs 
(juan tum well. The dots (0-11 gR. D-1194, D-120 1) and the triangle (0-
1195) are experimental data of three-quantum well and five-quantum well 
lasers, respectively, and the solid line is the calculated result. 

Preliminary experiments of pumping the Er-doped opti­
cal fiber amplifier using the 970 nm diode laser are also per­
formed. The amplifier characteristics were tested with co­
propagating signal and pump light, which were launched 
into the amplifier fiber via a dichroic coupler. Figure 4 shows 
the output light spectrum from the fiber amplifier for an 
input signal of ~ 30 dBm at 1.555 11m for various diode 
pump current. The output powers at the signal wavelength 
were - 23.8, ~ 20.8, ~ 18, - 16, - 13.8 dBm for diode 
currents of 110, 120, 130, 140, 160 rnA, respectively. A sig­
nal gain of 16.2 dB was obtained at 160 rnA. At 15 dB gain, 
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FIG. 4. Spectrum of the output light from the Er-dopcd optical fiber ampli­
fier pumped by the 970 nm InGaAs quantum well laser. The input signal 
wavelength is 1.555 Ian and the power is - 30 dBm. The amplified signal 
intensities are Cal" 23.8 dBm for f pump = 110 rnA. (b)·- 20.8 dBm for 
fpum!' ~ 120 mA, (e) .. 18 dBm for lpump = 130 rnA. (d) 16 dBm for 
lru",p _. 140 mA, and (el - 13.8 dUm for lpue," = 160 rnA. 
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the pump power in the Er fiber is measured to be 14 mW. 
More detailed results of the fiber amplifier will be published 
separately. 

In conclusion, we have fabricated a ridge-waveguide, 
graded-index separate confinement InGaAs/GaAIAs quan­
tum well laser lasing at 970 urn. The cw threshold current of 
20 rnA and the external quantum efficiency of 0.28 m W ImA 
per facet were obtained for an uncoated laser. Maximum 
output power of uncoated lasers exceeds 32 rn W Ifacet. With 
antireflection coating, the external quantum efficiency in­
creased to 0.40 ill W ImA per facet, and 20 m W of power was 
launched into a single mode fiber. Preliminary experiments 
of pumping Er-doped optical fiber amplifier showed a signal 
gain of 15 dB at 1.555 pill for a diode pumping power of 14 
mW into the Er fiber. 
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